
;I 

F i n a l  Report 

ULTRA-HIGH ALTITUDE MEASUREMENT SYSTEMS FOR 
PRESSURE, DENSITY, TEMPERATURE, AND WINDS 

Prepared f o r  
George C .  Marshall Space F l i g h t  Center 
Hunt s v i l  l e ,  A 1  a bama 

Contract  MAS8-5226, TP3-81046 ( IF )  

EOS Repert 3780-Final 

92J 

Prepared bv 

'Glenn A .  Cat0 
P r o j e c t  Supervisor 

Approved by 

M.B. Prince,  Manager 
AEROSPACE ELECTRONICS DIVISION 

15 January I964 

ELECTRO-OPTICAL SYSTEMS, I N C .  - PASADENA, CALIFORNIA 



FOREWORD 

This  f i n a l  r epor t  covers  the s tudy  program conducted from February 

t o  November 1963 on c o n t r a c t  NAS 8-5226. The work was performed a t  

E lec t ro -op t i ca l  Systems, Inc .  by t h e  s t a f f  of t h e  Aerospace E lec t ron ic s  

Div is ion .  The P ro jec t  Supervisor was G .  A .  Cato. The fol lowing persons 

a s s i s t e d  i n  t h e  program and the  prepara t ion  of t h i s  r e p o r t :  M. L. Dalton, 

J .  M .  Palmer, J .  D .  Van Pu t t en ,  K. D .  Nichols ,  C .  Skinner ,  W .  J .  Swenson 

and A .  Y .  Yahiku. The program was under t h e  t e c h n i c a l  d i r e c t i o n  of 

M r .  John Baur of t h e  NASA-George Marshall  Space F l i g h t  Center .  

3780-Final i 



ABSTRACT 

Methods of measuring t h e  p r o p e r t i e s  o f  t h e  f r e e  atmosphere from 

on board a l a r g e  launch v e h i c l e  such as Sa turn  are e v a l u a t e d .  The 

p r o p e r t i e s  t o  be measured a re  p r e s s u r e ,  temperature ,  d e n s i t y  and wind 

of t h e  undis turbed atmosphere above 30 km. Measurement techniques 

and instrumentat ion a r e  recommended f o r  each p r o p e r t y  with s p e c i a l  

emphasis on remote measurement techniques,  wherein t h e  instrument  i s  

loca ted  aboard t h e  v e h i c l e  but  t h e  measurement a c t u a l l y  i s  made 

beyond t h e  shock l a y e r .  
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1. INTRODUCTION 
The o b j e c t i v e  of t h i s  research  i s  t o  seek out and eva lua te  methods 

of measuring seve ra l  c h a r a c t e r i s t i c s  of t h e  f r e e  atmosphere from on 

board a l a r g e  launch veh ic l e .  C h a r a c t e r i s t i c s  t o  be determined are 

t h e  dens i ty ,  p re s su re ,  temperature and wind of t h e  undis turbed a t -  

mosphere above the  a l t i t u d e  of 30 km. 

a r e  Nova and Saturn.  

Typical  l a r g e  launch v e h i c l e s  

The conclusions and recommendations a r e  given i n  Section 2 of 

t h i s  Summary Report. Sect ion 3 sets f o r t h  the  requirements t h a t  

measurement techniques and instruments  must  meet. A survey of present  

measurement methods i s  presented i n  Sect ion 4 .  Sect ions 5 ,  6 ,  7 ,  and 

8 d i scuss ,  r e spec t ive ly ,  dens i ty ,  p r e s s u r e ,  t enpe ra tu re ,  and wind 

measurement techniques.  

t h a t  were used during t h e  research  a r e  d e t a i l e d  i n  Sect ion 9 .  

Launch v e h i c l e  and environmental  parameters 
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2 .  CONCLUSIONS AND RECOMMENDATIONS 

2 . 1  Conclusions 

As a r e s u l t  of our  research we have concluded t h a t  t h e  most 

promising measurement technique i s  remote measurement. Here t h e  i n s t r u -  

ments a re  located aboard t h e  launch v e h i c l e ,  but  t h e  a c t u a l  measurement 

i s  made remotely i n  t h e  undis turbed a i r  o u t s i d e  t h e  shock l a y e r .  This  

method avoids p lac ing  t h e  instruments  i n  t h e  nose t i p  where they  a r e  

l o s t  when t h e  escape rocket  i s  j e t t i s o n e d .  However, t h e  only  p r o p e r t y  

amenable t o  remote measurement i s  d e n s i t y .  Consequently, w e  have 

formulated recommendations f o r  immersion type measurements f o r  t h e  

o t h e r  p r o p e r t i e s .  A promising a l t e r n a t i v e  t o  onboard ins t rumenta t ion  

i s  f r e e  f l i g h t  o r  dropsonde techniques.  We have formulated recommenda- 

t i o n s  f o r  these techniques a l so .  

2 . 2  Recommendations f o r  Onboard Instruments  

Based on our  s tudy of l a rge  l i q u i d - f u e l e d  launch v e h i c l e  

requirements we  make t h e  following recommendations. 

Density:  e i t h e r  a n  u l t r a v i o l e t - i n d u c e d  f l u o r e s c e n t  o r  a 

d i f f e r e n t i a l  s o l a r  absorp t ion  technique.  I n  each case t h e  instrument 

i s  loca ted  aboard t h e  launch v e h i c l e  and t h e  a c t u a l  measurement i s  made 

i n  t h e  undisturbed a i r  o u t s i d e  t h e  shock l a y e r .  (See S e c t i o n  5 ) .  

Pressure:  a P i t o t - s t a t i c  tube mounted on t h e  launch v e h i c l e  

t i p .  A c y l i n d r i c a l  p i t o t  tube i s  p r e f e r r e d  because i t  i s  less s e n s i t i v e  

t o  e r r o r  due t o  a n g l e  of a t t a c k .  However, a s t a g n a t i o n  p r e s s u r e  p o r t  i n  

t h e  t i p  of a c o n i c a l  nose could be u t i l i z e d  i f  it i s  w e l l  c a l i b r a t e d  f o r  

angle-of -a t tack  e f f e c t s .  (See Sec t ion  6 ) .  

Temperature: a t o t a l  temperature probe mounted on t h e  launch 

v e h i c l e  nose. The t o t a l  temperature i s  converted t o  t h e  ambient va lue  

by computation using t h e  measured p r e s s u r e  d a t a  and shock-expansion 

theo ry .  (See Sec t ion  7 ) .  
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Wind: monitor t h e  d i f f e r e n t i a l  dynamic pressure  ac ross  a 

set  of  p i t c h  and yaw p o r t s  loca ted  i n  a conica l  nose t i p  silch as 

t h e  F-16 Q - B a l l .  If an e l e c t r o - o p t i c a l  da ta  pickoff  i s  used i t  

should be poss ib l e  t o  cover the e n t i r e  a l t i t u d e  range with a minimum 

number of ind iv idua l  p re s su re  gages. (See Sec t ion  8 ) .  

These recommendations are depic ted  schematical ly  i n  F ig .  1. 

Since t h e  techniques and instruments  recornmended f o r  d e n s i t y  

are novel ,  a t  least f o r  use  aboard a launch veh ic l e ,  we have d iscussed  

them i n  d e t a i l  i n  Sect ion 5. The u l t r a v i o l e t  dens i ty  gage u t i l i z e s  

a phys ica l  p r i n c i p l e  t h a t  apparent ly  has not  been exp lo i t ed  

h e r e t o f o r e ,  and which enables  the gage t o  ope ra t e  a t  a l t i t u d e s  t h a t  

a r e  unobtainable with o the r  u l t r a v i o l e t  devices .  

The d e n s i t y  instruments would be p a r t i c u l a r l y  va luable ,  because 

if the  a i r  d e n s i t y  (and composition) can be measured t o  g r e a t  he igh t s  t he  

p re s su re  and temperature can be ca l cu la t ed  from t h e  dens i ty  p r o f i l e .  

There w i l l  be  an inc reas ing  need f o r  dens i ty  and similar d a t a  a t  

h igh  a l t i t u d e s  as the  manned space f l i g h t  programs progress .  There- 

f o r e ,  w e  s t rongly  recommend t h a t  t he  development of one o r  both of 

t h e  u l t r a v i o l e t  dens i ty  gage and t h e  absorp t ion  dens i ty  gage d i s -  

cussed i n  Sect ion 5 b e  undertaken a t  once. 

2 . 3  Recommendations f o r  Dropsonde Instruments  

The only way t o  completely escape t h e  per turbed environment 

of t h e  launch v e h i c l e  and t o  guarantee a nea r -pe r fec t  i s e n t r o p i c  

f low- f i e ld  i s  t o  employ dropsondes. The instruments  are j e t t i s o n e d  

a t  the proper  a l t i t u d e s  and measurements made as they descend i n  

f r e e  f l i g h t .  The survey reported i n  Sect ion 4 revea led  t h a t  s u i t a b l e  

instruments  t h a t  have been ex tens ive ly  f l i g h t  t e s t e d  are a v a i l a b l e  

from cu r ren t  sounding rocket  programs. Except f o r  t h e  e j e c t i o n  

mechanism, no ex tens ive  development program i s  requi red .  

The disadvantage of free f l i g h t  techniques i s  t h a t  t he  t es t  

range i s  c l u t t e r e d  w i t h  d a t a  a c q u i s i t i o n  u n i t s ,  s i n c e  each instrument  
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FIG. 1 ONBOARD MEASUREMENT TECHNIQUES 
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m u s t  be monitored sepa ra t e ly .  Also,  the soundings are made down- 

range of the a c t u a l  t r a j e c t o r y  and only the  upper po r t ion  of t he  

sounding i s  made i n  the v i c i n i t y  of the v e h i c l e .  

I n  order  t o  determine the  a d d i t i o n a l  system requirements 

imposed by the  use of s epa ra t e  f r e e - f l i g h t  instruments  an  a n a l y s i s  w a s  

made t o  select those measurement techniques which b e s t  f i t  the cur -  

r e n t  s i t u a t i o n .  Our recommendations are portrayed i n  Fig.  2. A 

s i g n i f i c a n t  a l t i t u d e  f o r  f r e e  f l i g h t  techniques is 60 t o  70 k i l o -  

meters ,  because i t  i s  roughly the  d iv id ing  l i n e  between t h e  u s e  of 

pa rachu te - s t ab i l i zed  payloads and t r u e  f r e e - f a l l  payloads.  Above 

70  km t he re  i s  i n s u f f i c i e n t  dynamic pressure  t o  open a parachute  and 

cause i t  t o  stream i n  a r e l i a b l e  manner. 

We v i s u a l i z e  t h a t  these devices  would be c a r r i e d  i n  a n  

i n t e r s t a g e  compartment and j e t t i s o n e d  a t  appropr i a t e  i n t e r v a l s .  A 

s i n g l e  parachute s t a b i l i z e d  device could be dropped a t  60 t o  70 km 
f o r  a s i n g l e  sounding somewhat remote from t h e  a c t u a l  launch v e h i c l e  

f l i g h t  pa th ,  or  a number could be dropped in  sequence t o  g ive  d a t a  

c l o s e r  t o  the a c t u a l  f l i g h t  path of the  veh ic l e .  

could be followed f o r  t he  f r e e  f a l l  devices  above 70  lan. 

A s i m i l a r  procedure 

Density below 100 km can  be measured by the  f a l l i n g  sphere 

technique.  Above 65 km an a c t i v e  type sphere i s  used and below 65 km 

a pass ive  type is  used. I n  the f r e e  molecule flow domain above 85 km 

a r i sesonde  i s  recommended. (See Sec t ion  5.)  

Pressure  can be measured a t  parachute  a l t i t u d e s  by a descent -  

type hypsometer. Above 85 km i t  can be measured by the  r i sesonde .  

‘(See Sec t ion  6 . )  

Temperature below 70 lan can be  measured by a thermis tor  

c a r r i e d  aboard a dropsonde. Above t h i s  a l t i t u d e  i t  must be ca l cu la t ed  

from a d e n s i t y  p r o f i l e .  (See Sec t ion  7 . )  

Wind can be determined by t r ack ing  a parachute  a t  low a l t i -  

t udes ,  chaff  a t  medium a l t i t u d e s ,  and a vapor t r a i l  a t  h ighe r  a l t i t u d e s  

as i s  depic ted  i n  F ig .  2 .  (See Sec t ion  8 . )  
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L N C H  VEHICLE 

ALL INSTRUMENTS EJECTED CLEAR OF LAUNCH VEHICLE EXHAUST 

FIG, 2 FREE FLIGHT MEASUREMENT TECHNIQUES 
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3. MEASUREMENT SYSTEM REQUIREMENTS 

The requirements t h a t  must be m e t  by the  measurement system are 

imposed by good measurement p r a c t i c e  and by the unique environment i n  

which the  measurements are t o  be made. The f i r s t  p a r t  of t h i s  s e c t i o n  

d i scusses  the  requirements t h a t  must be m e t  by the  instruments .  The 

second p a r t  concerns the requirements t h a t  must be m e t  by the  measure- 

ment technique i n  order  t h a t  themeasureandbe t r u l y  r e p r e s e n t a t i v e  of 

the f r e e ,  undisturbed atmosphere. 

3 . 1  Instrument Requirements 

3 .1 .1  Range 

For those instruments  t h a t  measure the  ambient o r  

f r e e  atmosphere d i r e c t l y  the dynamic range t h a t  i s  r equ i r ed  i s  set  

by the  a l t i t u d e  i n t e r v a l  of concern, i . e . ,  30 t o  100 km. The range 

of each property is s e t  f o r t h  in  t h e  column of t h e  fol lowing t a b l e  

labe led  Ambient. 

TABLE I 

Instrument Range 

Property Ambient S tagnat ion  Reference 

Pressure  ( t o r r )  10- 80- 10- -1 

200-300 830- 1500 -1 0 Temperature ( K) 

Densi ty  (kg/m 3 ) 10- 2- 10- 10- l -10 -~  -1 

Wind speed (meters /sec)  50-300 - -2  

Wind shear  ( m / s e c / m )  0.03-0.113 -2 - 

The second column s p e c i f i e s  the  dynamic range t h a t  

would be requi red  of an instrument t h a t  measured the  s t a g n a t i o n  or  
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t o t a l  value.  The range of t h i s  proper ty  i s  dependent upon t h e  v e h i c l e  

speed, and the  c i t e d  ranges  are based on t h e  r e p r e s e n t a t i v e  t r a j e c t o r y  

f o r  a l a rge ,  l i qu id - fue led  boos ter  shown i n  Sec t ion  9. 

Instruments  t h a t  measure t h e  ambient p re s su re  o r  

dens i ty  must have a g r e a t e r  range than t h e i r  s t a g n a t i o n  coun te rpa r t s .  

This i s  due t o  compression process  i n  t h e  s t a g n a t i o n  instrument ,  

caused by the inc reas ing  v e h i c l e  a scen t  speed, o f f s e t t i n g  i n  p a r t  the  

n a t u r a l  decrease of t h e  f r e e  a i r  p re s su re  and d e n s i t y  w i t h  a l t i t u d e .  

Temperature i s  an except ion  because t h e  ambient temperature does n o t  

vary a g rea t  dea l ,  while  compressional h e a t i n g  g r e a t l y  inc reases  the  

s t agna t ion  temperature as the v e h i c l e  speed inc reases .  

It i s  no t  implied t h a t  a s i n g l e  sensor  can cover 

the  s i x  decades of p ressure  change o r  t he  f i v e  decades of d e n s i t y  

change. An instrument  probably would have t o  c o n t a i n  m u l t i p l e  sensors  

o r  t h e i r  equivalent  i n  order  t o  cover t h e  r equ i r ed  dynamic range. 

3.1.2 Accuracy Requirements 

A gene ra l ly  accepted goal  i n  vacuum instrument  des ign  

i s  t h a t  the  e r r o r  be 1 percent  of t he  f u l l  s c a l e  reading.  O f  course,  

when the  dynamic range of the gage i s  s e v e r a l  decades,  t he  e r r o r  a t  t he  

low end of the s c a l e  can be  on the  o rde r  of 100 percent  of t h e  a c t u a l  

reading. T h i s  design goal  i s  due i n  p a r t  t o  t he  p re sen t  l a c k  of ca l i -  

b r a t i o n  f a c i l i t i e s .  I n  an  a r t i c l e  which reviewed measurement s tandards ,  

Ref. 3, i t  i s  s t a t e d  t h a t  t he  Nat ional  Bureau of Standards can ca l i -  

b r a t e  pressure  instruments  t o  one p a r t  i n  one (or 100 percent  e r r o r )  a t  

a pressure  of 10 t o r r ,  t he  pressure  which corresponds t o  100 km. -4 

Since t h i s  s tudy should remain gene ra l  r a t h e r  than 

s p e c i f i c ,  no at tempt  was made t o  e s t a b l i s h  s p e c i f i c  accuracy r equ i r e -  

ments. We be l ieve  t h a t  a reasonable  accuracy requirement  i s  t h a t  the  

e r r o r  be comparable t o  t h a t  ob ta inable  w i t h  c a r e f u l  aeronomical sound- 

ings .  To provide an i n d i c a t i o n  of t he  magnitude of t h i s  e r r o r ,  the  

measurement e r r o r  c h a r a c t e r i s t i c  of several of t he  instruments  tabu- 

l a t e d  i n  Sect ion 4 i s  represented  i n  p i c t o r i a l  form i n  the fo l lowing  

f i g u r e s  . 
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Figure 3 depic ts  the  e r r o r  of r e p r e s e n t a t i v e  c u r r e n t  

d e n s i t y  techr.iques. E r r o r  es t imates  a r e  a v a i l a b l e  f o r  t he  pass ive  

Robin-type f a l l i n g  sphere which i s  use fu l  below 65 km, b u t  no t  f o r  t he  

active type t h a t  can be used t o  above 100 km. Densi ty  from a p i t o t -  

tube system i s  a ca l cu la t ed  dens i ty .  

are taken are given i n  Sec t ion  4 .  

Figure  4 dep ic t s  t h e  e r r o r  of c u r r e n t  p re s su re  measure- 

References from which these  d a t a  

ment systems. 

type up t o  70 km and a dropsonde type above. 

techniques t h e  accuracy requirement of pressure-measuring instruments  is 

about 2 percent  of f u l l  s c a l e  reading up t o  50 km inc reas ing  t o  5 percent  

above t h i s .  

The hypsometer curve i s  a composite of a bal looxrborne 

Based on p resen t  aeronomical 

Temperature accuracy runs  from about 2 percent  a t  30 km 

t o  5 percent  above 75 km according t o  Fig. 5. Above dropsonde a l t i t u d e  

t h e  temperature i s  ca l cu la t ed  from d e n s i t y  measurements o r  obtained by 

the  rocke t  grenade technique. 

It i s  claimed t h a t  w i th  p r e c i s e  t r a c k i n g  of an Arcas 

parachute  i t  i s  poss ib l e  t o  measure the  wind speed t o  w i t h i n  2 t o  3 

meters per  second up t o  60 km (Ref. Fig.  6). The c u r r e n t l y  ope ra t iona l  

Meteorological  Rocket Network i s  a b l e  t o  achieve only 7 mps. Above 50 km 

an  accuracy of 10 mps appears t o  be a reasonable  requirement.  

The fo l lowing  wind gage performance goa ls  have been 

developed by the  Experimental Aerodynamics Branch, A e r o b a l l i s t i c s  Div is ion  

f o r  use  i n t e r n a l  t o  GMSFC. These performance goa ls  are app l i cab le  t o  

t h e  Saturn and are c i t e d  here  as  be ing  t y p i c a l  of those  f o r  l a r g e  l i q u i d  

launch v e h i c l e s  i n  general .  Because wind instrument  requirements appear 

t o  be in t ima te ly  r e l a t e d  t o  t h e  dynamics of t h e  p a r t i c u l a r  veh ic l e ,  no 

d e t a i l e d  requirements w i l l  be spec i f ied  i n  t h i s  r epor t .  
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Wind 

Veloci ty  Range 
Required Desired Gust Accuracy Vector Accuracy A 1  t i t  ude 

(km) (m/ sec)  (m/ sec) (percent )  

0-30 0-75 0-97 f 9  5 r m s  

30-100 0 - 140 0-180 i t 9  10 r m s  

3.1.3 Resolu t ion  

The r e s o l u t i o n  requirement €o r  p re s su re  and d e n s i t y  

gages i s  se t  by the  low end po in t  of the  reading.  

p re s su re  gage i s  t o  be used t o  100 km a l t i t u d e  i t  must have a low end 

po in t  of 10 t o r r .  The r e s o l u t i o n  then must be a t  l e a s t  10 t o r r .  

Temperature should be reso lved  w i t h i n  1 degree.  

For example i f  a 

-4 -4 

3.1.4 Frequency 

It i s  customary t o  s p e c i f y  gage requirements  i n  t e r m s  

This  type of s p e c i f i c a t i o n  would of a frequency; f o r  example, 20 cps .  

be  a r t i f i c i a l  i n  t he  present  s i t u a t i o n  because most of t he  q u a n t i t i e s  

being measured vary r e l a t i v e l y  slowly and uniformly wi th  time. 

t i o n  i s  wind, the frequency response of which i s  i n t i m a t e l y  r e l a t e d  t o  

t h e  dynamics of t h e  p a r t i c u l a r  veh ic l e .  Because of t he  uniqueness of 

t he  wind frequency requirement, no genera l  s p e c i f i c a t i o n  w i l l  be made 

f o r  wind. 

An excep- 
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This l o w  r a t e  of change i s  i l l u s t r a t e d  i n  F igs .  7 

and 8. These f i g u r e s  show the r a t e s  of change of t he  f r e e  a i r  and 

s t a g n a t i o n  p res su re ,  d e n s i t y  and temperature t h a t  would be seen  by a 

r o c k e t ,  ascending v e r t i c a l l y ,  a t  va r ious  speeds. The s p e e d - a l t i t u d e  

cu rve ,  which i s  t y p i c a l  of a l a r g e ,  l i q u i d  launch v e h i c l e ,  has been 

superimposed on t h e  s t agna t ion  c h a r t s .  It i s  seen t h a t  the  maximum 

ra te  of change of s t a g n a t i o n  pressure  i s  only s l i g h t l y  g r e a t e r  than 

t h a t  of f r e e - a i r  p re s su re .  However, a s t a g n a t i o n  temperature i n s t r u -  

ment aboard a t y p i c a l  launch vehic le  would have t o  follow a rate of 

change which i s  about seven times g r e a t e r  than f o r  a f r e e - a i r  temper- 

a t u r e  instrument.  

For a l l  cases  t h e  r a t e s  of change are r e l a t i v e l y  low.  

I n  view of t h i s ,  we be l ieve  tha t  the  concept of t ime-constant i s  a 

more u s e f u l  parameter f o r  a d i scuss ion  of t h e  dynamic performance 

of t h e  p re s su re ,  d e n s i t y  and  temperature ins t ruments .  

3.1.5 T i m e  Constant 

The t i m e  cons tan t  requirements f o r  p r e s s u r e ,  d e n s i t y  

and temperature were e s t ab l i shed  by studying t h e  e r r o r  t h a t  would be 

caused by a g iven  instrument lag. To e s t a b l i s h  a n  upper l i m i t  on t i m e  

cons t an t  a va lue  of 1 second was assumed and t h e  reading  e r r o r  ca l cu -  

l a t e d .  The e r r o r  i ncu r red  w i t h  t h i s  l a r g e  t i m e  cons t an t  w a s  no t  exces- 

s i v e .  Thus, it appears  t h a t  a time c o n s t a n t o f  i t o  & second would be 

e n t i r e l y  adequate.  

Most sens ing  systems e x h i b i t  a s imple ,  one-time 

cons t an t  behavior ,  so t h a t  they can be r ep resen ted  by a n  equ iva len t  

mechanical system having only  a s p r i n g  and dashpot o r  an  e l e c t r i c a l  

system having only capac i ty  and r e s i s t a n c e .  

The equat ion  fo r  t h i s  system i s  
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The va r i ab le  of i n t e r e s t  i s  Q ,  not  I ,  because I w i l l  vanish i f  E i s  

cons tan t .  Therefore ,  i f  I represented  the system response ,  t h e r e  

would be no output  f o r  a s teady  s t imu lus ,  a s  f o r  example, an  unvarying 

temperature. Q ,  on the  o the r  hand, w i l l  be a cons t an t  i f  E i s  a con- 

s t a n t ,  and i s ,  t hus ,  the  proper choice t o  r ep resen t  system response.  

Equation 1 i s  then w r i t t e n  

I f  the instrument i s  a dens i tometer ,  f o r  example, then E would be 

represented by 

-h/H 
E = np = upo e 

A l s o ,  assuming cons tan t  v e r t i c a l  v e l o c i t y ,  V ,  

h '= V t  

Subs t i t u t ing  Equations (3)  and ( 4 )  i n  (2 )  

Q =  
1 - 0 y  H 

(3 )  

( 4 )  

( 5 )  

I n  t h i s  equat ion,  c i s  the  sys t em t ime-constant  (3 = R C ,  Q i s  the  

s t eady- s t a t e  response up t o  t i m e  z e r o ,  and Q i s  the response the re -  

a f t e r .  The denominator, 1 - o E, i s  independent of t i m e  and can be 

regarded as a ga in  o r  s c a l e  f a c t o r .  The f i r s t  exponent ia l  i s  the  

des i r ed  response , and the  second exponent ia l  r ep resen t s  the d i s t u r b -  

ing e f f e c t  of the system t ime-constant .  

0 

V 

I f  one assumes a v e r t i c a l  v e l o c i t y  of 1 ki lometer  

per second, a s c a l e  he igh t  of 7 km, and a time cons tan t  of 1 second 
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(a t ime-constant much g r e a t e r  than any s u i t a b l e  instrument i s  l i k e l y  

t o  have) t he  percentage of e r r o r  i n  Q a s  a func t ion  of time w i l l  be as 

given i n  the  fol lowing t a b l e .  

Time Error  (percent  
( sec)  of reading)  

0 0 

1 5.9 

2 2.6 

3 1.07 

4 0.46 

i t h  t h e  It i s  c l e a r ,  t he re fo re ,  t h a t  even i n r e a l i s t  i- 

c a l l y  long t ime-constant of 1 second the  e r r o r  would be unimportant a f t e r  

a few seconds. Thus, a time constant  of l e s s  than 1 second would be 

adequate.  This  a n a l y s i s  would apply equal ly  w e l l  t o  a pressure  i n s t r u -  

ment, which a l s o  obeys E q .  3 .  

Atmospheric temperature does no+, fo l low Eq. 3 ,  which 

t h e r e f o r e  cannot be  used as t h e  f o r c e  func t ion  i n  Eq. 2.  The s t agna t ion  

temperature v s .  time curve can be f i t t e d  w i t h  t h e  pa rabo l i c  approxima- 

t i o n  

( 6 )  
2 

Using t h i s  as the  f o r c e  func t ion  i n  E q .  2 t he  s o l u t i o n  i s ;  

T = a + b t  

Q = A [T + 2b20 (l-e-"O)] - 2b0t 

where T i s  t h e  t r u e  s t agna t ion  temperature.  Assuming 0 = 1 s e c ,  t i m e  

zero  t o  be a t  an a l t i t u d e  of 8 km, a = 300 and b = 0.27, t he  e r r o r  

h i s t o r y  w i l l  be  as fo l lows:  

Stagnation 
T i m e  A l t i t u d e  Temperature Error  
Lsec) (km) (OK) 1% of reading)- 

10 11 

30 22 

50 39 

70 64 

3780-Final 
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The c a l c u l a t i o n  was not  c a r r i e d  beyond 70 seconds 

because t h e  s tagnat ion  temperature subsequent ly  decreases .  

cause t h e  e r r o r  due t o  instrument l ag  t o  decrease .  We b e l i e v e  t h a t  

t h e s e  c a l c u l a t i o n s  v e r i f y  our  conten t ion  t h a t  a t ime-constant  of 114 

t o  112 second would b e  adequate .  

This  w i l l  

3.1.6 Vibra t ion  and Shock 

A l l  ins t rumenta t ion  t h a t  i s  c a r r i e d  by a launch v e h i c l e  

t y p i c a l l y  must be capable of opera t ion  i n  a v i b r a t i o n  environment o f  20 

t o  2000 cps and 7 . 5  t o  12.0 g rms. 

r m s  f o r  a durat ion of 6 t o  11 msec. Since t h i s  frequency i s  w e l l  above 

t h a t  of any of t h e  atmospheric parameters (see S e c t i o n  3 . 1 . 4 ) ,  i t  should 

be p o s s i b l e  t o  d i s t i n g u i s h  t h e  slowly varying atmospheric parameter 

s i g n a l  from t h e  r a p i d l y  varying v ibra t ion- induced  n o i s e .  

A t y p i c a l  shock s p e c i f i c a t i o n  is  40 g 

3.1.7 Susta ined  Accelera t ion  

Ins t rumenta t ion  t h a t  i s  c a r r i e d  aboard a l a r g e ,  l i q u i d  

launch vehic le  w i l l  be  subjec ted  t o  a t r a n s v e r s e  a c c e l e r a t i o n  which w i l l  - 

increase  from about 0 . 1  g a t  30 km, t o  about 4 g a t  f i r s t  s t a g e  burnout .  

Depending upon the p a r t i c u l a r  v e h i c l e ,  t he  f i r s t  s t a g e  w i l l  burn ou t  

between 60 and 80 km. L a t e r a l  a c c e l e r a t i o n  due t o  t h e  t u r n i n g  of t h e  

v e h i c l e  along t h e  f l i g h t  pa th  w i l l  impose n e g l i g i b l e  a c c e l e r a t i o n  on 

the  instruments .  A t y p i c a l  t e s t  s p e c i f i c a t i o n  i s  20 g f o r  a t  l eas t  1 

minute.  

Ins t rumenta t ion  t h a t  i s  c a r r i e d  aboard a s o l i d  pro-  

p e l l a n t  sounding rocket must be capable  of withstanding a n  a c c e l e r a t i o n  

of about 26 g .  It has been repor ted  t h a t  a n  a c c e l e r a t i o n  of around 60 g 

i s  imposed on ins t rumenta t ion  during j e t t i s o n i n g  of a dropsonde. There- 

f o r e ,  t h e  a c c e l e r a t i o n  environment w i l l  impose no unusual ly  severe 

requirements on t h e  ins t rumenta t ion .  

3.1.8 Temperature 

It i s  a requirement t h a t  a l l  ins t rumenta t ion  be capable  

of opera t ion  a t  an e leva ted  temperature and not  s u b j e c t  t o  s i g n i f i c a n t  

temperature e r r o r  due t o  a zero  s h i f t ,  s e n s i t i v i t y  s h i f t ,  e t c .  A t  

this time i t  is no t  p o s s i b l e  t o  s p e c i f y  t h e  hea t  i npu t  t o  t h e  instruments  
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because i t  i s  dependent upon t!ie conf igu ra t ion  and loca t ion  aboard the  

launch veh ic l e .  An instrument loca ted  a t  a s t agna t ion  poin t  probably 

would  reach a peak temperature of about 85 percent  of the  peak a i r  

temperature ,  o r  around 1300 K .  

enced by the  proximity of t h e  cryogenic f u e l  t anks .  

cond i t ion  is  a temperature range of f85 C .  

3.1.9 Size and Weight 

0 The minimum temperature would be i n f l u -  

A t y p i c a l  t e s t  
0 

Since the  instrumentat ion i s  t o  be used aboard l a r g e  

launch v e h i c l e s ,  s i z e  and weight a r e  not a s  c r i t i c a l  as wi th  sounding 

rockets .  No s i z e  requirement will be  s t a t e d ,  except t h a t  t h e  i n s t r u -  

ment should be  as compact a s  poss ib le  and should no t  weigh over a 

few pounds. 

3.1.10 Power Consumption 

The power source f o r  onboard measurement systems 

shou ld  be t h e  launch v e h i c l e ' s  primary power source.  The maximum 

power requirement should be 28 v o l t s  dc a t  200 m a .  

3.1-11 Output 

Instrument output may be e i t h e r  a continuous func t ion  

of t h e  measure and i n  the  form of a cu r ren t  o r  vo l t age  ampli tude,  

change of frequency, or  a v a r i a t i o n  of r e s i s t a n c e .  There are no 

unusual requirements imposed on t h e  measurement system other  than 

t h a t  i t s  output must be compatible w i t h  the  v e h i c l e  te lemet ry .  

3 . 2  Measurement Technique Requirements 

Our c a l c u l a t i o n s  have e s t a b l i s h e d  t h a t  i t  is  a requirement 

t h a t  the  measurement be made d i r e c t l y  i n  t h e  ambient a i r  i f  measure- 

ments of the  h ighes t  accuracy a re  des i r ed .  I f  t h i s  i s  imprac t icable  

t h e  instrument must be loca t ed  on the  nose t i p .  It i s  impossible t o  

make accura te  f r e e - a i r  measurements w i th  instruments  l oca t ed  a f t  on 

t h e  v e h i c l e  un le s s  they a r e  the  remote-reading type  and have a very 

l a r g e  pene t r a t ion  d i s t ance .  
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Figure 9 i l l u s t r a t e s  t h e  complicated,  non i sen t rop ic  flow 

f i e l d  around a Saturn a t  Mach 1.93, and probably i s  t y p i c a l  of t h e  

flow f i e l d  around any l a r g e ,  l i q u i d  launch veh ic l e .  The ske tch  was 

taken from a wind tunnel  photograph and w a s  suppl ied  t o  us  by t h e  

NASA Contract Technical Monitor. I f  a t o t a l  p re s su re  probe were 

placed on t h e  nose t i p  t h e  flow f i e l d  would be  r e l a t i v e l y  simple 

and s teady ,  and t h e  shock angle  a t  t h e  probe i n t a k e  o r i f i c e  would 

remain 90  degrees.  However, i f  t h e  probe were placed i n  t h e  flow 

a f t  of t h e  nose t i p  t h e  flow f i e l d  would be  less c e r t a i n .  Assuming 

t h a t  t he  flow f i e l d  shown i n  F ig .  9 i s  r e p r e s e n t a t i v e ,  t h e  l a r g e  

number of detached, curved shock waves i n  the  flow a f t  of t h e  nose 

s t a t i o n s  would make hopeless  t h e  t a s k  of a n a l y t i c a l l y  fol lowing a 

streamtube upstream t o  t h e  po in t  where it en te red  the  bow shock. 

Idea l ly ,  a measurement of t h e  environment should be made 

out  i n  t h e  undisturbed f r e e  a i r .  This  way t h e r e  i s  no e r r o r  due t o  

the  conversion from t h e  measured l o c a l  stream t o  t h e  f r ee - s t r eam 

va lues .  To determine how f a r  away from t h e  launch v e h i c l e  a measure- 

ment would have t o  be made i n  order  t o  g e t  beyond the shock l a y e r ,  an 

estimate was made of t h e  shock l aye r  t h i ckness  from Fig .  9 .  It w a s  

found t o  be about 2 body diameters .  Thus, un le s s  t he  measurements 

were made near t he  nose t i p ,  the  measurement technique must be ab le  

t o  r each  a d i s t ance  from 8 t o  15 meters from the  launch v e h i c l e .  

The c h a r a c t e r i s t i c s  of t he  loca l - f low f i e l d  wi th in  t h e  

shock layer  then  were s tud ied  t o  e s t a b l i s h  t h e  range necessary t o  

ge t  beyond t h e  boundary l a y e r .  Wind tunne l  tests have ind ica t ed  

t h a t  f o r  a veh ic l e  l i k e  the  Saturn t h e  boundary l a y e r  i s  tu rbu len t  

and has  a thickness  of about 8 c m  a t  forward s t a t i o n s  and as much as 

35 c m  a t  aft s t a t i o n s .  

prone t o  separa te .  

an i d e a l  instrument mounted anywhere but  on t h e  nose t i p  must have a 

range of at least  8 cent imeters .  

In  a d d i t i o n ,  such t h i c k  boundary l a y e r s  are 

Thus, i n  order  t o  reach  beyond t h e  boundary l aye r  
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FREE STREAM CONDITIONS : 
MACH NO.: 1.93 
REYNOLDS NO.: 6.90 Y 106/ff 
ANGLE OF  ATTACK^ o DEG. 

AlTACHED SHOCK 

SEPARATED FLOW - / 1 

APPROX. 4 
METERS DIA. 

TURBULENT 
BOUNDARY 
LAYER 

CONE SHOCK 
DISPLACED DUE 
TO SEPARATED 
FLOW 

EXPANSION FAN 

FIG. 9 SHOCK AND BOUNDARY LAYERS AROUND THE SATURN 
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The importance of c a r e f u l  s e l e c t i o n  of the  p o s i t i o n  w i t h i n  

the  shock layer  flow a t  which t h e  measurement i s  t o  be made w a s  i n v e s t i -  

gated nex t .  

i n t o  i t s  corresponding va lue  i n  the f r e e  a i r  r e q u i r e s  an estimate of 

t h e  Mach number and t h e  angle  of t he  upstream shockwave(s) through 

which t h e  streamtube be ing  inves t iga t ed  has  passed.  Using cone theory 

i t  was found t h a t  an e r r o r  i n  overes t imat ing  t h e  shock wave angle  by 

as l i t t l e  as 5 percent  w i l l  cause, g r o s s l y ,  a p o s i t i v e  e r r o r  of about 

10 percent  i n  the  conversion of l o c a l  p re s su re  t o  f r e e  a i r  p re s su re  

and a 2.5 t o  3.5 percent  e r r o r  i n  upstream Mach number. The e r r o r  i s  

the  r a t i o  of cone s u r f a c e  pressure  t o  f r e e  s t ream s t a g n a t i o n  p res su re  

and i s  depicted i n  Fig.  10. A s  t h i s  f i g u r e  shows, a 10-percent  under- 

estimate i n  shock wave angle  w i l l  r e s u l t  i n  a nega t ive  e r r o r  of about 

1 7  percent  e r r o r  i n  f r e e  a i r  p re s su re .  

The conversion of a measurement made i n  t h e  loca l - f low 

The conclusion t o  be  drawn he re  i s  t h a t  i t  i s  v i t a l  t h a t  

measurements be  made i n  as wel l -def ined and simple a flow f i e l d  as 

poss ib l e .  A highly  p r e c i s e  measurement of t h e  l o c a l  f low would be 

of l i t t l e  value i f  a 10- t o  17-percent e r r o r  i s  incur red  i n  conver t ing  

it  i n t o  t h e  corresponding va lue  i n  t h e  f r e e  a i r .  This  conclusion lead  

us  t o  concentrate  our i n i t i a l  e f f o r t ,  no t  on instruments  and senso r s ,  

bu t  on remote-f ie ld  measurement techniques t h a t  can measure t h e  des i r ed  

atmospheric c h a r a c t e r i s t i c s .  
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4 .  PRESENT SYSTEMS 
One of the first tasks was to survey presently used methods to 

measure density, pressure, temperature, and wind. Each of these 
methods was to be evaluated for application to the present case. To 
provide a ready reference we summarized our findings in tables which 
make up the balance of this section. There are separate tables for 

each of the four atmospheric properties. 

In many instances measurement techniques and instrumentation are 
recommended in other sections of this report without much detail on 

how they function. This is done because they are common aeronomical 

items and are extensively written up in the literature. It is deemed 
necessary to repeat this material here. Several excellent summaries 

of aeronomical instrumentation and techniques have been written. 

They are listed in Refs. 4 through 13. 
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5 .  DENSITY 

Atmospheric density is the one property that is very amenable to 

remote measurement. A "remote measurement" is the case where the 
instrument is located on board the launch vehicle but the actual meas- 

urement takes place at a point remote from the vehicle. As pointed 

out in Section 3 . 2 ,  if the instruments are to be mounted anywhere but 

on the nose tip they must be of the remote measuring type to avoid 

the errors inherent in measurements made within the shock layer. Each 

of the remote techniques that was uncovered during the preparation of 

Section 4 was analyzed to determine if it met the system requirements. 

Novel methods suggested by the EOS staff also were investigated. The 

more promising density instruments and our findings concerning them 

are discussed in this section. 

Two devices which showed exceptional promise and which are recom- 

mended for development are discussed in Sections 5.1 and 5.2. These 

are the ultraviolet air density gage and the solar absorption air 

density gage. One technique to measure the local density with on- 

board instrumentation is discussed in Section 5.4.  
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5.1  U l t r a v i o l e t  A i r  Density Gage 

A technique t h a t  u t i l i z e s  t h e  rearrangement r a d i a t i o n  from 

molecular n i t rogen  shows g r e a t  promise f o r  t h e  remote measurement of 

dens i ty .  

f luorescence by sh in ing  a beam of u l t r a v i o l e t  l i g h t  through i t .  

i n t e n s i t y  of t h e  f luorescence  as a f u n c t i o n  of the  amount of energy 

fed i n t o  the u l t r a v i o l e t  source would be a measure of a i r  d e n s i t y .  

The instrument would c o n s i s t  of a co l l imated ,  e x c i t a t i o n  u l t r a v i o l e t  

source and a photomul t ip l ie r  tube d e t e c t o r  w i t h  focused o p t i c s .  F igure  

11 shows where t h e  devices  would be loca ted  aboard a launch v e h i c l e .  

The method of d e t e c t i o n  would be t o  e x c i t e  the  a i r  t o  v i s i b l e  

The 

T h i s  technique i s  capable  of measuring atmospheric d e n s i t i e s  

from 5 x 10 gm/cm (80 km) t o  gm/cm3 (350 km) a t  a d i s t a n c e  up 

t o  3 meters from t h e  v e h i c l e  car ry ing  t h e  device.  It d e t e c t s  t h e  f l u o -  

rescence of molecular n i t rogen  when bombarded by 500 A t o  700 A photons.  

A sequence of f i l t e r s  and source’modulators  i s  u t i l i z e d  t o  make c e r t a i n  

t h a t  only gas molecules can c o n t r i b u t e  t o  t h e  s i g n a l ,  and not  r e f l e c t i o n s  

from dus t  p a r t i c l e s  or  i c e  c r y s t a l s .  

-8 3 

0 Q 

T h i s  l a t t e r  c h a r a c t e r i s t i c  i s  important because o the r  u l t r a -  

v i o l e t  densitometers r e l y  on absorp t ion  and r e r a d i a t i o n .  Both t h e  

bombarding l i g h t  and t h e  re turned  s i g n a l  a r e  of t h e  same wavelength. 

Thus, t h e  presence of d u s t ,  i c e ,  o r  p a r t i c l e s  from en t r a ined  exhaust 

could cause a l a r g e  e r r o r  due t o  r e f l e c t i o n  from t h e i r  su r f ace .  Accurate 

measurements i n  t h e  reg ion  of nacreous and noc t i lucen t  c louds might 

be very d i f f i c u l t .  An i l l u s t r a t i o n  of t h i s  d i f f i c u l t y  w a s  a r ecen t  

a t tempt  t o  c a l i b r a t e  an abso rp t ion - re rad ia t ion  type u l t r a v i o l e t  dens i ty  

gage i n  a vacuum chamber. The dus t  i n  the  chamber caused t h e  instrument 

t o  read no higher than  25,000 f e e t  a l t i t u d e ,  a l though t h e  chamber 

dens i ty  a c t u a l l y  w a s  nearer  40,000 f e e t .  
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W e  be l ieve  t h a t  t h e  rearrangement r a d i a t i o n  type  u l t r a v i o l e t  

gage a l s o  w i l l  provide accu ra t e  dens i ty  mea,surements i n  r eg ions  where 

t h e  absorp t ion- rerad ia t ion  type cannot because of l ack  of r e tu rned  

s i g n a l .  The EOS technique enables  measurements t o  be  made a t  a f r e -  

quency where the most probable c r o s s  s e c t i o n  i s  from 100 t o  1000 times 

g r e a t e r  than  a t  o the r  p r a c t i c a l  f requencies .  Thus, t he  r e t u r n  s i g n a l  

i s  o rde r s  of magnitude g r e a t e r  and the  o p e r a t i o n a l  c e i l i n g  co r re -  

spondingly g rea t e r .  Moreover, t h e  r e t u r n  s i g n a l  i s  i n  t h e  v i s i b l e  and 

very-near u l t r a v i o l e t  p o r t i o n  of t h e  spectrum where a pho tomul t ip l i e r  

(P-M) tube de tec tor  i s  t h e  most s e n s i t i v e .  I n  gene ra l ,  a P-M tube  i s  

t e n  t i m e s  more e f f i c i e n t  w i th  v i s i b l e  l i g h t  than  w i t h  u l t r a v i o l e t .  I n  

a d d i t i o n ,  i f  a P-Mtube i s  used i n  t h e  u l t r a v i o l e t ,  a sodium s i l i c a t e  

coa t ing  i s  required over t h e  P-M tube  window t o  convert  t h e  inc iden t  

u l t r a v i o l e t  photons t o  v i s i b l e  photons. With t h e  EOS technique t h i s  

coa t ing  i s  not necessary and the  e f f i c i e n c y  of t h e  P-M tube  i s  enhanced. 

5.1.1 Theory 

The absorp t ion  length  where t h e  i n t e n s i t y  has  dropped 

t o  l/e of i t s  i n i t i a l  i n t e n s i t y  i s  given by 

A L = -  
No u 

where A i s  the molecular weight of the  gas ,  No i s  t h e  Avogadro number, 

and IJ i s  t h e  c ros s  s e c t i o n  f o r  n i t rogen .  Evaluat ing Eq. 8 w e  f i n d  

L a = -  
P 

Evaluating E q . 1 0  a t  an a l t i t u d e  of 95 krn w e  f i n d  t h a t  t h e  phys ica l  p a t h  

length  i s  2.33 x 10 cm. 3 

The i n t e n s i t y  of f luorescence  a t  a given d i s t a n c e  x i s  

then  

(9)  
-G 2 = 2 . 3 3  x 10 gm/cm 28 L =  - 1 7  6 x x 2 x 10 

To f i n d  t h e  physical  pa th  length  A ,  w e  t ake  

1 = 1 exp [ - x1 3] 
2.33 x 10 0 
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1 where x is  given i n  cent imeters .  The change i n  i n t e n s i t y  between x 

and x is: 
1 

2 

I f  x <<A then ,  a f i r s t  approximation: 

3 = Io (x2 - x1)/2.33 x 10 

The change i n  i n t e n s i t y ,  AI, i s  t h e  amount of t h e  i n i t i a l  r a d i a t i o n  t h a t  

i s  absorbed between x and x &/I i s  then the  f r a c t i o n  of t he  i n i t i a l  

energy between 500 A and 700 A t h a t  i s  absorbed between x 
1 2.' 0 

2 '  and x 1 

2 Five percent  of t h e  energy absorbed between x1 and x 
i s  r e r a d i a t e d  i n  the  v i s i b l e ,  thus 

V 
E AI 0.05 Eo 

0 

where E 

r e r a d i a t e d  energy is re rad ia t ed  i s o t r o p i c a l l y .  The f r a c t i o n  of t h e  

r e r a d i a t e d  energy E seen by a d e t e c t o r  of a r e a  A and a t  a d i s t a n c e  R 

from t h e  r a d i a t i n g  element i s  

i s  the  i n i t i a l  energy a v a i l a b l e  between 500 A and 700 A .  The 
0 

V 
. 

A f = -  
. 4nR2 

( 15) 

2 -6 For A = 1.5 cm and R = 300 c m ,  f = 1.3 x 10 

a t  t h e  de t ec to r  5 i s  thus  given by 

. The t o t a l  energy received 

ER 
0.05 f Eo I @I 

0 

o r  

= 0.05 f Eo [ x2 x13] 
ER 2 . 3 3  x 10 

For Eo = 0.1 j o u l e s  and x 

d e t e c t o r  i s  

- x1 = 100 cm, t h e  energy rece ived  a t  t he  
2 

ER = 2.8 x 10 -10 joules  = 2.8 x 10 -3 e r g s  

The number of photons inc iden t  on the  de t ec to r  can be - 
c a l c u l a t e d  by f i r s t  f i nd ing  the  average energy e of t h e  rece ived  photons. 
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- hc 
h 

e = -  

-27  
h i s  Planck 's  cons tan t  = 6.6 x 10 

and h, t he  average wavelength, i s  i n  c m .  

Choosing h = 4000 A = 4 x 10 

erg-seconds; c = 3 x 10" cm/sec; 

-5 cm 

- 
e = 5 x ergs/photon (18) 

The average number of photons inc iden t  on t h e  d e t e c t o r  area A i s  then  

5.1.2 Received Signal  S t rength  

I f  t h e  pu l se  l as t s  seconds,  t he  s i g n a l  i s  a t  least  

times as l a rge  as needed by a good photomul t ip l ie r  d e t e c t o r ,  such as 5 10 

a 1P28. 

t o  

veh ic l e .  

ground sky l igh t ,  r a t h e r  than  no i se  i n  t h e  phototube. 

The range of t h e  instrument i s  then  from approximately 10 -8 gm/cm 3 
3 

gm/cm when t h e  sampling i s  done a t  a d i s t a n c e  of 300 cm from t h e  

The lower l i m i t  t o  t he  dens i ty  i s  determined mainly by the  back- 

5.1.3 Sky Background 

An average albedo l i g h t  a t  30 km i s  500 c a n d l e s / f t 2  = 0.5 

The background i s  then  2 lumens/cm -s te rad .  

8.1 x 10 

A t  5550 A ,  621 lumens = 1 w a t t .  
-4 2 watts/cm - s t e rad .  I f  t he  pho tomul t ip l i e r  i s  observed f o r  10" 

seconds,  t h e  background l i g h t  i s  8.1 x 10 - 10 joules/cm 2 s t e r a d  = 8.1 x 10 - 3  
2 ergs/cm -s te rad .  The s o l i d  angle  of t he  d e t e c t o r  i s  given by 

a n e - -  
2 

R 

where a i s  the p ro jec t ed  area of t h e  observed r eg ion  on a sphere of r a d i u s  

R .  An approximation is  
2 a = 100 c m  x 10 cm = 1000 c m  

then  

lo3 - 1.1 x 4 -  R =  
9 x 10 
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2 
W e  f i n d  t h a t  f o r  a 1.5 cm photocathode, t h e  background 

5 i s  

5 = 8.1 x x 1.5 x 1.1 x = 1.35 x 

o r  t h e  number of background photons i s  

l i g h t  energy 

e r g s  

7 = 2.7 x 10 photons 1.35 x e rgs  

5 x ergs/photon 

- 
% =  

I f  t h e  albedo l i g h t  v a r i e s  w i th  a l t i t u d e ,  as does t h e  

dens i ty  of t h e  atmosphere, t h e  number of no i se  photons should be dawn 

by a f a c t o r  of lo4 from t h e  s igna l .  

i t  i s  cons tan t  between 30 km and 100 km, one w i l l  have t roub le  a t  a 

dens t iy  of 10 

of 100 between 30 k m  and 150 km (a  conserva t ive  e s t i m a t e  s i n c e  t h e  

dens i ty  drops by a f a c t o r  of 10 ) w e  w i l l  have a t  least a 2 0 : l  signal- 

to -no i se  r a t i o  up t o  300 km a l t i t u d e .  Thus, the  device  should be 

e f f e c t i v e  w e l l  above 300 km. 

i s  d iscussed  i n  Subsect ion 5 .1 .8 : l .  

I n  t h e  very u n l i k e l y  event  that 

- 12 gm/cm3 and l e s s .  I f  t h e  albedo drops only by a f a c t o r  

7 

A technique f o r  background suppress ion  

5.1.4 U l t r a v i o l e t  Source Type 

The e x c i t a t i o n  source p r e s e n t s  t h e  only major d i f f i c u l t y  

i n  des igning  t h e  a i r  dens i ty  instrument.  The f i r s t  approach t o  t h i s  

problem w a s  t o  use an e l e c t r o n  gun a s  a source of e x c i t a t i o n  energy. 

Ca lcu la t ions  revea led  t h a t  when using a 100 kev e l e c t r o n  beam t h e  scatter 

due t o  t h e  shockwave would completely d i f f u s e  t h e  beam and r ende r  it u s e l e s s .  

A second approach w a s  t o  use a laser beam as an  e x c i t a t i o n  

source.  

wavelength is about 6943 1. 
Only a ruby l a s e r  would y i e l d  a u s e f u l  power ou tpu t ,  and this 

What must be avoided he re  i s  t h e  use  of an 

e x c i t a t i o n  source a t  or  near  the same wavelength r eg ion  of t h e  d e t e c t o r .  

The reason  f o r  t h i s  i s  t h a t  d i r e c t  r e f l e c t i o n  from d u s t  p a r t i c l e s  or i c e  

crystals  may cause an erroneous input  s i g n a l  t o  t h e  d e t e c t o r .  We i n v e s t i -  

ga ted  a method whereby two l a s e r  beams i n t e r s e c t e d  a t  t h e  remote po in t  of 

i n t e r e s t  causing frequency doubling o r  e x c i t a t i o n  a t  a ha l f  wavelength a t  
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t he  remote o i n t .  However, i t  was not  clear t h a t  t h i s  e f f e c t  would b 

r e l i a b l e  f o r  a v a r i a b l e  a i r  dens i ty  environment,  and a l s o  t h e  e f f i c i e n c y  

of frequency conversion was ques t ionable .  

A t h i r d  and f i n a l  approach was t o  use a co l l ima ted  spark  

d ischarge  a s  an e x c i t a t i o n  source.  

(Ref .31 ) ,  the photo ioniza t ion  c ros s  s e c t i o n  f o r  molecular n i t rogen  is  

I n  an abstract by H . E .  Hinteregger  

given as 2 x cm2 , f o r  a wavelength r eg ion  of 500 8, t o  700 A.  From 

t h i s  i t  would appear t h a t  a spark source e m i t t i n g  w i t h i n  t h e  500 A t o  

700 A area would be  most r e a d i l y  absorbed by molecular n i t r o g e n ,  and w e  

a n t i c i p a t e  t h a t  t h i s  energy would be r e r a d i a t e d  i n  the  v i s i b l e  p o r t i o n  

of the  spectrum. MI-. G.L. Weissler of the Univers i ty  of Southern 

Ca l i fo rn ia ,  repor ted  i n  h i s  paper (Ref. 32) t h a t  a 555 A source  w a s  

used by coworkers and himself t o  e x c i t e  molecular n i t r o g e n ,  w i t h  about 

5 percent  of t h e  input  energy be ing  r e r a d i a t e d  i n  t h e  v i s i b l e  spectrum. 

It i s  t h i s  spark source system r a d i a t i n g  a t  one wave- 

length  and r e r a d i a t i o n  and d e t e c t i o n  a t  another  wavelength t h a t  seems 

most promising f o r  an a i r  dens i ty  measuring ins t rument .  

5.1.5 U l t r a v i o l e t  Source Configurat ion 

The u l t r a v i o l e t  beam can b e  co l l imated  w i t h  a r e f l e c t i n g  

mir ror  placed an appropr i a t e  d i s t a n c e  away from t h e  spark gap. 

descr ibed  by G. Hass, R. Tousey, and coworkers (Ref. 33) t h e  b e s t  

r e f l e c t i n g  sur face  f o r  a wavelength reg ion  between 500 A and 700 A i s  

evaporated platinum of about 300 A t h i ckness .  

of t he  r e f l ec t ance  curve f o r  platinum. A s  i n d i c a t e d ,  t h e  t o t a l  r e f l e c t a n c e  

expected a t  600 A i s  about 20 percent .  

A s  

Figure 1 2  i s  a copy 

This  f i g u r e  combined wi th  t h e  

5 percent  r e r a d i a t i o n  f a c t o r  i n d i c a t e s  t h a t ,  f o r  every 100 wat t s  of 

power input  t o  the spark ,  1 w a t t  w i l l  be  i n  the  form of v i s i b l e ' r a d i a t i o n .  

The t o t a l  conversion f a c t o r  w i l l  be  a very adequate 1 pe rcen t .  

The mirror  s u b s t r a t e  would most e f f e c t i v e l y  c o n s i s t  

of a fuzed-quartz mir ror  ground and pol i shed  t o  an appropr i a t e  f o c a l  

length.  A convenient s i z e  would be 4 inches  i n  diameter and 3 / 4  inch  

t h i c k  wi th  an 8-inch f o c a l  length .  The suppor t ing  tube would then 
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measure 12 inches in  l eng th ,  5 inches i n  d iameter ,  ,and 118 inch wa l l  

th ickness  and could e i t h e r  be aluminum or  f i b e r g l a s s .  Re fe r r ing  t o  

F i g .  1 3 ,  (A) r ep resen t s  the  support  t ube ,  and (B) t h e  mi r ro r  ( d i r e c t l y  

behind the  mir ror  i s  a group of t h ree  spr ing-loaded a d j u s t i n g  screws 

f o r  use i n  alignment of t he  focus ) ;  (C) i s  t h e  p a r t i a l l y  open end of 

a coax l i n e  which con ta ins  the  spark  gap; (D) i s  the  high-vol tage 

coax l i n e  from the  high-vol tage power supply and i s  f a b r i c a t e d  from 

concent r ic  copper tubing;  (E)  i s  a double-ended r o t a r y  f i l t e r  assembly 

which i s  ro t a t ed  a t  a predetermined r a t e  through a gear  l inkage  and 

motor assembly a t  (F ) .  

g l a s s  and an opaque window. 

instrument c a l i b r a t i o n  a s  discussed i n  Subsect ion 5.1.8, E r ro r  Sources .  

(G) i s  a pho to t r ans i s to r  a t  t he  end of a small  co l l ima t ing  tube .  Th i s  

device w i l l  b e  used t o  monitor the  spark  i n t e n s i t y  and t iming.  

The f i l t e r  w i l l  c o n s i s t  of u l t r a v i o l e t  absorb ing  

The f i l t e r  assembly i s  used f o r  i n - f l i g h t  

A chronic  problem w i t h  dens i ty  gages i s  t h e  l a r g e  

dynamic r ange  encountered. We propose t o  circumvent t h i s  by varying 

t h e  energy t o  the  spark source wi th  a l t i t u d e  t o  maintain a reasonably 

cons tan t  r e t u r n  s i g n a l .  Source c h a r a c t e r i s t i c s  a r e  s u f f i c i e n t l y  

f l e x i b l e  tha t  t h i s  can be done wi th  r e l a t i v e  ease. The less f l e x i b l e  

photomult ipl ier  d e t e c t o r ,  then ,  needs a dynamic range of only 100 t o  1. 

5.1.6 Detector 

About 5 percent  of t h e  u l t r a v i o l e t  l i g h t  s en t  outward 

from t h e  missile i n  a col l imated beam w i l l  be  r e r a d i a t e d  a s  v i s i b l e  

l i g h t ,  and a po r t ion  of t h i s  beam w i l l  be  c o l l e c t e d  by t h e  d e t e c t i o n  

instrumentat ion.  

The dimensions and outward appearance of t he  d e t e c t o r  

w i l l  c lo se ly  resemble the  spark source instrument .  The c o l l e c t i n g  

mir ror  would be of t h e  same s i z e  and f o c a l  l eng th  bu t  could b e  made of 

pyrex and coated w i t h  aluminum. 

Refer r ing  t o  F ig .  14,  (A) i s  t h e  instrument  support  

tube ,  and (B) i s  the  aluminized m i r r o r ;  (C) i s  an aluminized f l a t  diagonal  

mi r ro r  t h a t  i s  used t o  d i r e c t  the  incoming l i g h t  t o  one s i d e  and onto 
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t h e  f ace  of t he  photomult ipl ier  tube (D) ;  (E) is a s h u t t e r  t o  con t ro l  

t h e  de t ec t ion  of inc ident  l i g h t  and (F) t he  s h u t t e r  a c t u a t i n g  mechanism. 

The s h u t t e r  is operated synchronously with the  r o t a r y  f i l t e r  i n  the  

source instrument and is employed f o r  c a l i b r a t i o n  purposes (see Sub- 

s e c t i o n  5.1.8). 

5.1.7 Instrument C i rcu i t  

The complete densi ty  instrument c i r c u i t  i s  depic ted  i n  

block form i n  Fig.  15. The spark t iming c i r c u i t  w i l l  depend upon t h e  

charging rate of t he  capac i to r  banks i n  t h e  high-vol tage power supply 

and should be capable of about one pu l se  per  second f o r  each capac i to r  

bank. 

The t iming  c i r c u i t  w i l l  a l s o  produce a t r i g g e r i n g  s i g n a l  

f o r  t h e  P-M tube so  t h a t  t he  P-M tube  w i l l  only opera te  dur ing  t h e  dura- 

t i o n  of t h e  spark;  about l microsecond. T h i s  c i r c u i t  w i l l  a l s o  be  used 

t o  l i m i t  dynode cu r ren t  t o  a safe  maximum t o  prevent  tube damage i n  

case  of an unusually l a r g e  l i g h t  i npu t ,  such as would occur wi th  an 

acc iden ta l  sweep p a s t  the sun. 

The ampl i f i e r  c i r c u i t  w i l l  con ta in  a s t a b l e  zero out-  

pu t  re ference  l e v e l  and t h e  varying pulse  amplitude w i l l  be a d i r e c t  

measure of gas dens i ty .  A pho to t r ans i s to r  can be used a t  t h e  source 

so  t h a t  any v a r i a t i o n  i n  spark amplitude can be accounted f o r  a t  t he  

d e t e c t o r .  

The v a r i a b l e  amplitude output  s i g n a l  can then be f ed  

t o  t h e  te lemetry c i r c u i t r y .  

5.1.8 Error  Sources 

The abso lu te  accuracy of t h e  a i r  dens i ty  measurement 

depends on a knowledge of the  sky albedo,  i n t e r n a l  background and 

systematic  e r r o r s  i n  the  determinat ions.  The i n t e r n a l  background t o  

t h e  des i r ed  signals w i l l  arise from extraneous e l e c t r i c a l  s i g n a l s  t h a t  

might s imulate  t h e  phototube, or from v i s i b l e  l i g h t  from t h e  source 

t h a t  i s  r e f l e c t e d  or s c a t t e r e d  i n t o  t h e  phototube by dus t  p a r t i c l e s ,  
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i c e  c r y s t a l s ,  engine exhaust products o r  o ther  condensed matter. The 

systematic  e r r o r s  w i l l  a r i s e  from n o n l i n e a r i t i e s  i n  the  de t ec t ion  sys t em 

and from v a r i a t i o n s  i n  t h e  source s t r eng th .  

5.1.8.1 Background Error Suppression 

The backgrounds i n  t h i s  instrument can be 

measured dur ing  f l i g h t  by t h e  following method. Inasmuch as w e  d e s i r e  

t o  measure t h e  amount of v i s i b l e  l i g h t  emit ted by gas exc i t ed  by 500 A 
t o  700 A u l t r a v i o l e t  l i g h t ,  w e  can measure the  phototube s i g n a l  bo th  

wi th  and without  t he  u l t r a v i o l e t  l i g h t  being emit ted from the  source.  

Thus, one determines the  amount of v i s i b l e  l i g h t  t h a t  a c t u a l l y  o r i g i n a t e s  

i n  t h e  i n t e r a c t i o n s  of the 500 %, t o  700 photons by sub t r ac t ing  t h e  

inc iden t  i r r a d i a n c e  when the  source i s  not  emi t t i ng  from the  i r r a d i -  

ance when it i s  emi t t ing .  

0 

(22) - 
HGa s - %otal  - %ackground 

i s  the  t o t a l  v i s i b l e  l i g h t  s i g n a l  t h a t  i s  seen by a 1 cm2 element 
YTotal 
of t h e  phototube. 

13 

f r o n t  of t h e  source,  t he  v i s i b l e  l i g h t  s i g n a l  

phototube senses  i s  due only t o  specular  r e f l e c t i o n  of t h e  v i s i b l e  l i g h t  

emi t ted  by t h e  spark source. 

a c t u a l l y  due t o  the  gas being exc i ted  t o  f luorescence .  The s t r e n g t h  

of t h i s  l a t t e r  s i g n a l  i s  d i r e c t l y  r e l a t e d  t o  the  dens i ty  of t h e  gas.  

When t h e  u l t r a v i o l e t  absorbing f i l t e r  shown in Fig. 

(which eliminates a l l  wavelengths sho r t e r  than 2000 A) i s  placed i n  

which t h e  %ackgr ound 

then ,  i s  the  v i s i b l e  l i g h t  s i g n a l  HGas ’ 

The densi ty  instrument must  be s e n s i t i v e  t o  

a small  signal of shor t  dura t ion ,  and so it  a l s o  may be sub jec t  t o  

e l e c t r i c a l  i n t e r f e r e n c e  from the spark source o r  o the r  equipment on 

board t h e  rocke t .  I f  one can assume t h a t  t h e  extraneous s i g n a l s  a r e  

unvarying i n  successive per iods  of t i m e ,  then t h e  s u b t r a c t i o n  performed 

t o  e x t r a c t  t h e  s i g n a l  due only t o  the  u l t r a v i o l e t  i n t e r a c t i o n s  w i l l  

e l imina te  the  i n t e r f e r e n c e  of t h e  e l e c t r i c a l  no i se .  This  w i l l  be 

p a r t i c u l a r l y  t r u e  of t he  extraneous signal from t h e  spark source,  

which d e f i n i t e l y  should b e  unvarying wi th  each spark.  
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I f  one makes the  fo l lowing  measurements dur ing  

every t i m e  period (each second f o r  example): 

%: 
%: 

t o t a l  s i g n a l  w i th  no f i l t e r  

s igna l  wi th  the  u l t r a v i o l e t  f i l t e r  i n  f r o n t  of t h e  
source 

: s igna l  wi th  t h e  opaque f i l t e r  i n  f r o n t  of t h e  source ,  
but source pulsed 

s igna l  wi th  phototube covered, b u t  source  pulsed 

HS 

5: 
then one can determine the  fo l lowing  q u a n t i t i e s :  

HGa s 
= % - %: s i g n a l  r e l a t e d  d i r e c t l y  t o  t h e  gas dens i ty  (23) 

r e f l e c t i n g  material  suspended i n  t h e  gas (24)  
HDust = % - HS: signal r e l a t e d  t o  t h e  area of specular  

= HS - Hp: s i g n a l  r e l a t e d  t o  t h e  albedo l i g h t  
( a l s o  see Subsection 5.1.3)  HA l b  e d o 

5.1.8.2 Nonl inear i ty  

The sys temat ic  e r r o r s  due t o  n o n l i n e a r i t i e s  

i n  t h e  system can be g r e a t l y  reduced by a d j u s t i n g  t h e  source s t r e n g t h  

as a func t ion  of a l t i t u d e  such t h a t  t h e  rece ived  s i g n a l  i s  always a t  

approximately the  same amplitude.  Most phototubes a r e  l i n e a r  over a 

100 t o  1 dynamic range while  t h e  dens i ty  between 80 km and 350 km 

v a r i e s  over a range of 10,000 t o  1. Thus, a scheme f o r  vary ing  t h e  

source s t r eng th  w i l l  be  necessary i f  n o n l i n e a r i t i e s  a r e  t o  be avoided. 

These v a r i a t i o n s  i n  t h e  source s t r e n g t h  must be monitored and recorded 

f o r  each pulse  t o  accu ra t e ly  g ive  t h e  necessary s c a l e  f a c t o r .  

I f  t h e  t o t a l  l i n e a r i t y  due t o  both t h e  source 

monitor and t h e  phototube ampl i f i e r  a r e  known t o  1 pe rcen t ,  t h e  sys temat ic  

e r r o r  i n  the dens i ty  measurement w i l l  be  1 pe rcen t .  

5.1.9 Accuracy 

It i s  not poss ib l e  t o  c a l c u l a t e  t h e  accuracy of t h e  

dens i ty  gage from phys ica l  laws and e x i s t i n g  d a t a .  

t h e  instrument must be determined by c a l i b r a t i o n .  

The accuracy of 

Thus, t h e  accuracy 
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of the  dens i ty  gage w i l l  depend t o  a g rea t  ex ten t  upon the  accuracy of 

t h e  c a l i b r a t i o n .  

To meet t he  accuracy requirement of 1.5 t o  2 percent  

of t h e  reading spec i f i ed  under t h e  cu r ren t  c o n t r a c t  is a formidable t a s k .  

Conventional h igh -a l t i t ude  dens i ty  gages have accurac ies  of a few percent  

of f u l l  s c a l e  which can amount t o  100 percent  of t h e  reading  a t  the  higher  

a l t i t u d e s .  

gage. The f i r s t  s t age  should seek t o  v e r i f y  t h e  promising r e s u l t s  of 

our ana lys i s  by bu i ld ing  and t e s t i n g  a breadboard. 

a 10 t o  20 percent  accuracy could be achieved here .  

should be t o  f a b r i c a t e  and ground t e s t  a f l i g h t  prototype.  

components and design techniques should be u t i l i z e d  he re  and it should 

be poss ib l e  t o  achieve t h e  1.5 t o  2 percent  accuracy wi th  t h i s  ve r s ion  

of t h e  gage. This accuracy is ,  of course,  cont ingent  upon s u f f i c i e n t l y  

accura te  vacuum c a l i b r a t i o n  f a c i l i t i e s  being a v a i l a b l e .  

For t h i s  reason w e  recommend a two s t a g e  development of t h e  

We a n t i c i p a t e  t h a t  

The second s t age  

Refined 

L e t  % be t h e  t o t a l  s i g n a l  rece ived  by a u n i t  a r ea  of 

t h e  photomult ipl ier .  H i s  the  s i g n a l  due t o  the  i o n i z a t i o n  of t h e  gas ,  

and % i s  the background signal as i n  Subsection 5.1.8.1. Then r epea t ing  

Eq. 23: 

G 

HG = E k  -% 
Let K be def ined by 

% = %  
Then as the  v a r i a t i o n :  

The f r a c t i o n a l  e r r o r  i n  the  gas s i g n a l  is: 
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Now 

where N i s  t h e  number of photoe lec t rons  a t  t h e  f i r s t  dynode of the  

photomul t ip l ie r .  F i n a l l y  w e  ge t  

A s  H i s  propor t iona l  t o  t h e  dens i ty  of t h e  gas  p ,  G 

ap = f  1 1  + K2 1 
P N (1 - K) 

The number of photoe lec t rons  a t  t h e  f i r s t  dynode i s  

approximately one-tenth t h e  number of photons inc iden t  on t h e  photo- 

cathode. Thus, f o r  a minimum of 10 photons,  N = 10 . This can be 

maintained up t o  a dens i ty  of 

decreas ing  dens i ty  due t o  t h e  lack  of source power. From t h e  graph 

4 3 

gm/cm3, b u t  w i l l  decrease  w i t h  

i n  F ig .  16,  one can read  of f  t h e  accuracy of t he  instrument as a 

func t ion  of t h e  number of i nc iden t  photoe lec t rons  and K. The a c t u a l  

cons t ruc t ion  of such a graph would be p a r t  of t he  c a l i b r a t i o n  pro- 

cedure.  

I f  w e  choose a source s t r e n g t h  as  a func t ion  of 

dens i ty  t o  give t h e  number of photoel.ectrons as sketched i n  Fig.  1 7 ,  

then  t h e  absolu te  e r r o r  i n  dens i ty  can be expressed by 

I ,-I 

P 
(1 - K) 

This  r e l a t i o n  i s  sketched i n  F ig .  18. 

We must keep i n  mind, however, t h a t  t h e r e  would always 

be  a lower l i m i t  t o  t h e  e r r o r .  

knowledge of the  sys temat ic  e f f e c t  of n o n l i n e a r i t y  in  t h e  monitor ing and 

d e t e c t i o n  system no matter how l a r g e  N becomes. Thus, i f  t he  known l i m i t  of 

l i n e a r i t y  i s  1 pe rcen t ,  t he re  would n o t  be much p o i n t  i n  a r ranging  

f o r  more than 10 photoe lec t rons  (equiva len t  t o  lo5  photons) a t  the  

phototube. 

This w i l l  be  equal  t o  t h e  e r r o r  i n  t h e  

4 
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5.1.10 Ca l ib ra t ion  

The accuracy of t h i s  instrument r e s t s  on i t s  c a l i b r a t i o n .  

., If an abso lu te  accuracy of 2 percent i s  d e s i r e d ,  t he  c a l i b r a t i o n  accuracy 

must be a t  least t h a t  good. This means t h a t  p r e c i s e  techniques must be 

used i n  a l l  a s p e c t s  of t h e  design and cons t ruc t ion  of t h e  instrument and 

t h e  c a l i b r a t i o n  appara tus .  

5.1.10.1 Ca l ib ra t ion  Apparatus 

The source i s  mounted i n  t h e  end of a high- 

vacuum chamber. It produces a beam of u l t r a v i o l e t  p l u s  v i s i b l e  l i g h t  

t h a t  t r ansve r ses  t h e  vacuum chanher and the  gas i n  i t .  The photo- 

m u l t i p l i e r  d e t e c t o r  observes a volume of the  beam through a window. 

The vacuum chamber i s  then  pumped down t o  a low pres su re  and a con- 

t r o l l e d  amount of gas i s  l e t  in. The source i s  pulsed and i t s  output  

monitored, while  t he  f luorescent  y i e l d  i s  measured by t h e  photomul t ip l ie r  

d e t e c t o r .  

5.1.10.2 Requirements on t h e  Technique 

Each o f ' t h e  fol lowing items must be known w i t h i n  

a given percent  if one is  t o  achieve a given percent  instrument .  

1. The v a r i a t i o n  of source s t r e n g t h  from pu l se  t o  pu l se .  

2 .  Re f l ec t ion  from wal l s  of t he  c a l i b r a t i o n  chamber. 

3 .  The exac t  volume of a i r  contained w i t h i n  t h e  i n t e r s e c t i n g  

l i g h t  beam and de tec tor  f i e l d  of view. 

L inea r i ty  and gain s t a b i l i t y  of a l l  a m p l i f i e r s  and readouts .  4 .  

5.  Amount and composition of t he  gas i n  t h e  test  chamber. 

These are t h e  i tems t h a t  w i l l  be  given 

c a r e f u l  cons idera t ion  during the t e s t  phase of t h e  d e n s i t y  gage 

development. 

5 .l. 10.3 Ca l ib ra t ion  Procedure 

Af te r  a l l  t h e  above requirements a r e  s a t i s f i e d  

t h e  c a l i b r a t i o n  would proceed as follows. F i r s t ,  t he  chamber must be pumped 

down u n t i l  t h e  r e s i d u a l  gas dens i ty  i s  less than  1 percent  of t h e  d e n s i t y  

of t h e  gas t o  be measured. The vacuum pump must be c losed  o f f  and it must 
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be ascer ta ined  t h a t  during the  measurement t i m e  n o .  s i g n i f i c a n t  leakage or 
outgassing takes  p lace .  

troduced i n t o  the  chamber. Its dens i ty  i s  known by t h e  r a t i o  of volumes 

of the  chamber and t h e  gas measuring v e s s e l s .  The source i s  then  pulsed  

and t h e  de tec ted  s i g n a l  recorded.  The u l t r a v i o l e t  l i g h t  i s  then  f i l t e r e d  

from t h e  beam and t h e  t e s t  repea ted .  F i n a l l y ,  t h e  beam from the  source 

i s  absorbed before e n t e r i n g  t h e  chamber and t h e  source pulsed.  

Then a c a r e f u l l y  measured amount of gas  i s  in -  

By t ak ing  t h e  d i f f e r e n c e  between t h e  f i n a l  two 

measurements, one knows t h e  s i g n a l  due t o  the f luorescence  of t h e  gas at 

a p a r t i c u l a r  dens i ty  and source s t r e n g t h .  

between t h e  second and t h i r d  measurements, one measures how much re- 

f l e c t e d  v i s i b l e  l i g h t  e x i s t s  i n  t h e  chamber. 

By t ak ing  t h e  d i f f e r e n c e  

This  process  i s  repea ted  f o r  d i f f e r e n t  gases  and 

d e n s i t i e s  u n t i l  t he  instrument i s  c a l i b r a t e d  and the  t o t a l  f l uo rescence  

y i e l d  as a func t ion  of gas dens i ty  i s  known. Then, by c o r r e c t i n g  f o r  t h e  

d i f f e r e n c e  i n  s o l i d  angles  between t h e  t es t  se tup  and t h e  a c t u a l  f l i g h t  

c o n f i g u r a t i o n , t h e  d e t e c t o r  output  f o r  a given gas dens i ty  can be p red ic t ed ;  

5.1.11 Operation Below 75 km 

A t  p resent  t h e  EOS u l t r a v i o l e t  densi tometer  does no t  

compete wi th  cu r ren t  densi tometers  below 75 km. 

absorp t ion  c ross  s e c t i o n  i s  so l a r g e  t h a t  t h e  p e n e t r a t i o n  d i s t a n c e  i s  

on t h e  order  of only cent imeters  i n  t h e  higher  d e n s i t i e s  of t h e  nesosphere 

and s t r a tosphe re .  

be t o  use  longer wavelength r a d i a t i o n ,  1000 %, t o  2000 i, where t h e  absorp- 

t i o n  c r o s s  sec t ion  i s  lower, and t o  look a t  weaker f l u o r e s c e n t  resonances.  

These should be  d e t e c t a b l e  because t h e  dens i ty  of t h e  atmosphere has  in -  

creased and so t h e  r e a c t i o n  p r o b a b i l i t y  has a l s o .  

l ength  are ava i l ab le ,  bu t  t h i s  ex tens ion  w i l l  r e q u i r e  new experimental  

work on t h e  na ture  of t he  f luorescence  t o  b e  expected. 

A t  500 %. t o  700 8,  t he  

A poss ib l e  way t o  extend i t  t o  lower a l t i t u d e s  might 

Sources f o r  t h i s  wave- 

5 -1 12  Instrument Locat ion  

Shockwaves w i l l  e x i s t  a t  t h e  apex and edges of a l l  t h e  

This  s i t u a t i o n  r e q u i r e s  s t ages  of the missile as depic ted  i n  F ig .  11. 
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that air density measurements be made a decimeter or two above the nose, 

or no less than 10 meters from the side of the missile. The figure shows 

probable locations for one or more air density measuring instruments. As 
indicated, one instrument might be located in the escape rocket tip near 
the apex of the bow shockwave. This would be a logical placement for an 
instrument operating at the lower altitude range since the vacuum ultra- 
violet is readily absorbed and the beam penetration distance for a practical 

instrument will be less than lmeter. This instrument will be lost when 

the escape tower is jettisoned. 

Another instrument is carried in the inner stage structure 

for use at altitudes above where the escape tower is jettisoned, and it is 

this instrument that is discussed in detail in this section. 
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5.2 F i l t e r  Photometer A i r  Density Gage 

Another promising d e n s i t y  technique i s  t o  measure the  

v a r i a t i o n  of t he  r ad ia t ed  u l t r a v i o l e t  s o l a r  energy i n  s e l e c t e d  wave- 

tq l eng th  bands as t h e  rocke t  ascends,  and thus  determine the absorbing 

a i r  mass between the  rocke t  and t h e  sun. Data taken i n  t h i s  way i s  

l i t t l e  a f f ec t ed  by t h e  p re s su re  f i e l d  d i s t o r t i o n  caused by shock waves 

o r  by l o c a l  contaminants.  

a i r  dens i ty  wi th  t h e  knowledge of t h e  r e l a t i v e  atmospheric composition 

and u l t r a v i o l e t  absorbance. These d a t a  are known w i t h  s u f f i c i e n t  accu- 

racy t o  enable t h e  dens i ty  de te rmina t ion  t o  a n  accuracy of 10 pe rcen t .  

Compared wi th  cu r ren t  dens i ty  gage accuracy a t  high a l t i t u d e s ,  t h i s  

instrument would be very  good. 

The absorbing a i r  mass may be converted i n t o  

The fol lowing s e c t i o n s  cover t h e  a n a l y t i c a l  a s p e c t s  of t he  

photometer i n  some d e t a i l  and suggest a p r a c t i c a l  instrument  des ign .  
* :  I 

5.2.1 Theory 

Atmospheric dens i ty  can be determined by measurements 

of o p t i c a l  absorp t ion  of t h e  sun ' s  r a d i a t i o n  i n  va r ious  s p e c t r a l  r eg ions  

i n  accordance wi th  t h e  equat ion  

where 

I = r a d i a n t  f l u x  

cy = mass absorp t ion  c o e f f i c i e n t  

h = a l t i t u d e  

H = scale height  

P = dens i ty  

Subscr ipt  

1 = lower a l t i t u d e  

2 = higher a l t i t u d e  

The absorp t ion  c o e f f i c i e n t ,  cy, depends on t h e  molecular spec ie s  re- 

spons ib le  f o r  t he  absorp t ion ;  which i n  t u r n  determines the  choice  of 
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I .  
I 

wavelength. 

almost exc lus ive ly  due t o  molecular oy’gen. 

t h e  atmosphere shown i n  T a b l e I I a p p e a r s  t o  be constant  up t o  about 

90 km, a determinat ion of t h e  amount of absorp t ion  by molecular oxygen 

w i l l  y i e l d  an accura te  measure of the dens i ty  a t  the instrument.  

o rder  t o  span such a wide range of a l t i t u d e ,  it probably w i l l  be  neces- 

s a ry  t o  monitor t he  absorpt ion i n  a t  l e a s t  t h r e e  and poss ib ly  fou r  

d i f f e r e n t  wavelengths, beginning wi th  2,000 A a t  40 km and diminishing 

t o  1,800 1 a t  90 km. 

From about 40 k m t o  90 km a l t i t u d e ,  t h e  absorp t ion  i s  

Since the  composition O f  

I n  

0 

Above 90 km oxygen i s  d i s soc ia t ed ,  so t h a t  

measurements based on molecular oxygen a r e  no longer use fu l .  A t  h igh 

a l t i t u d e s ,  one can use t h e  absorpt ion of s o f t  x r a y s ,  which i s  pro- 

p o r t i o n a l  t o  t o t a l  mass and i s  independent of molecular aggregat ion.  

It appears t ha t  the  lowest l e v e l  t o  which one could 

extend t h i s  technique i s  about 40 km. The region  lower than 40 km 

presents a s p e c i a l  problem. A t  t he se  a l t i t u d e s  u l t r a v i o l e t  energy 

below 2,000 A i s  mostly absorbed by the  upper atmosphere, and t h a t  

above 2,000 A is  absorbed by ozone. The only apparent s o l u t i o n  i s  

t o  monitor ozone absorp t ion  and c o r r e l a t e  t he  ozone dens i ty  w i t h  t he  

oxygen dens i ty  on the b a s i s  of t h e  photochemical r e a c t i o n s  involved. 

5.2.2 Wavelength Se lec t ion  

Absorption of e lectromagnet ic  r a d i a t i o n  may t ake  p lace  

through seve ra l  mechanisms: i on iza t ion  and reemission,  photon capture  

and d i s s o c i a t i o n ,  resonance absorpt ion and mul t ip l e  s c a t t e r i n g .  Refer- 

ence t o  t h e  u l t r a v i o l e t  absorpt ion s p e c t r a  of t h e  atmosphere w i l l  show 

t h a t  t h e  presence of oxygen absorpt ion bands i s  q u i t e  prominent between 

2,000 a and 1,000 b .  
t i o n  due t o  ozone is  prominent. 

A t  longer wavelengths above 2,000 1, t h e  absorp- 

The absorpt ion may be ca l cu la t ed  by Lambert’s r e l a t i o n  

-w I = Ioe 

where 
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I = t he  o r i g i n a l  i n t e n s i t y  
0 
p, = t he  absorpt ion c o e f f i c i e n t  

x = t he  path length  i n  cm a t  STP (760 t o r r  and O°C) 
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The absorpt ion c o e f f i c i e n t  p i s  independent of tempera- 

t u r e  and pressure  and related t o  t h e  absorp t ion  c r o s s  sec t ion  (J by: 

p = DN 

where N i s  the  Loschmidt number, 2.687 x lo1’ number/cm3. The c r o s s  

s e c t i o n  i s  dependent on which of t h e  p a r t i c u l a r  absorp t ion  processes  

predominates - resonant  absorpt ion i n  t h e  c u r r e n t  ins tance .  

The transmission,  T ,  i s  def ined  as: 

i s  def ined  as t h e  d i s t ance  
-1 Hn 3 

The scale he ight ,  

t r ave r sed  f o r  a change i n  i n t e n s i t y  of e , namely: 

(33) 

The a l t i t u d e  a t  which t h e  so l a r  r a d i a t i o n  i n  t h e  e a r t h ’ s  atmosphere 

f a l l s  t o  e of i ts  o r i g i n a l  i n t e n s i t y  i s  shown i n  Fig.  19 (Ref. 34.) 

Absorption above 2,000 A i s  p r inc ipa l ly  due t o  ozone, between 850 a 
and 2,000 A to molecular oxygen, and below 850 %, t o  a l l  c o n s t i t u e n t s .  

-1 

The t ransmission i s  shown i n  Fig. 20. 

t o  select t h e  appropr i a t e  wavelength bands i n  which the dens i ty  may 

be measured between 30 and 150 km. 

These two graphs w i l l  be  used 

Refer r ing  t o  Fig.  20,  i t  can be seen t h a t  above 

about 80 percent  and below about 10 percent  t h e  t ransmiss ion  per-  

centage changes very l i t t l e  with a l t i t u d e .  This i s  due t o  the  ex- 

ponen t i a l  behavior of Eq.32. 

range i s  perhaps 8:1, o r  80-percent t o  10-percent t ransmiss ion .  This  

i s  roughly two scale he igh t s  (e2 N 7.4). 

Thus, we see t h a t  t h e  u s e f u l  dynamic 

Wavelength s e l e c t i o n  w i l l  t h e r e f o r e  be determined 

by going up o r  down one s c a l e  he ight  from the  curve i n  Fig.  19. 

Opt ica l  s c a l e  he ight  versus  a l t i t u d e  i s  given i n  Table I11 f o r  t h e  

U.S. 1962 Standard Atmosphere. For example, s t a r t i n g  a t  48 km one 
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TABLE I11 

OPTICAL SCALE HEIGHT AND NUMBER D E N S I T Y  

Opt ica l  Scale  
Height 
Hn 
(km) 

8.4 

6.7 

7.4 

8.0 

7.6 

6.6 

5 . 4  

5 ..5 

6 .4  

10.9 

23.3 

34.7 
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N u m b e r  Density 
(No. /cm3) 

25 

23 

22 

22 

2 1  

2 1  

20 

19 

19 

1 7  

16 

16 

2.5 x 10 

3.8 x 10 

8 .3  x 10 

2 . 1  x 10 

6 . 3  x 10 

1.8 x 10 

4 .1  x 10 

6 .5  x 10 

1.0  x 10 

5.2 x 10 

7.5 x 10 

2.6 x 10 



scale he ight  (- 8 km) up and down covers  t h e  i n t e r v a l  from 40 t o  46 km 

a l t i t u d e .  Refer r ing  t o  Fig.  19, t h e  wavelength s e l e c t e d  would be  - 2,000 A ,  or j u s t  where molecular oxygen 0 starts t o  become t h e  

p r i n c i p a l  absorber.  The de tec to r  should then  be s e n s i t i v e  t o  energy 
2 

from 2,000 A down. No harm w i l l  be done by having a d e t e c t o r  sensi- 

t i v e  t o  t h e  s h o r t e r  wavelengths s i n c e  F ig .  20 shows t h a t  they do not  

p e n e t r a t e  s t rong ly  t o  56 km and below. The next range of approximately 

two s c a l e  he igh t s  i s  from 56 km t o  78 km. H e r e  a wavelength of 

1,900 A down i s  appropr ia te .  The t h i r d  range of 1,800 A down t a k e s  t h e  

upper l i m i t  t o  90 km. Above 90 km, a convenient r a d i a t i o n  source i s  t h e  

s o l a r  Lyman CY emission l i n e  at  1,215 A .  
f o r e  (cf .  page 165, Ref .34) i n  the range of 90 t o  120 km. lt i s  a 
n e a r l y  monochromatic source at a wavelength where oxygen i s  t h e  only 

absorber .  

to be used as a source.  The r a d i a t i o n  reaching  t h e  d e t e c t o r  i s  then  

only  a func t ion  of a i r  mass and i s  independent of p a r t i c u l a r  absorbing 

This  source has been used be- 

Above 120 km t h e  s o l a r  x-ray f l u x  i s  of s u f f i c i e n t  i n t e n s i t y  

spec ie s .  

r a t i o  between molecular oxygen and t h e  t o t a l  a i r  mass i s  no t  known 

accura t e ly .  

This i s  an important advantage a t  h igher  a l t i t u d e s  where t h e  

Table I V  summarizes the wavelengths and absorbing 

s p e c i e s  t h a t , s h o u l d  be  used f o r  va r ious  a l t i t u d e  i n t e r v a l s .  

TABLE IV 
WAVELENGTHS AND ABSORBING SPECIES 

A l t i t u d e  Wavelength P r i n c i p a l  

(A) Absorbing Species 

O2 

O2 

O2 

O2  

40 - 56 2000 down 

56 - 78 1900 down 

78 - 90 1800 down 

90 - 120 1215 down 

120 - 200 44 - 100 a l l  gases 
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5.2.3 Opt ica l  Mater ia l s  

5.2.3.1 Windows 

The choice of window m a t e r i a l s  i n  t h e  vacuum 

u l t r a v i o l e t  between 2,000 8, and 1,000 A is  f a i r l y  r e s t r i c t e d .  

t o  Table v 
Refe r r ing  

it can be seen t h a t  t h e  f l u o r i d e s  a r e  t h e  only u s e f u l  

ma te r i a l s  for  windows. 

TABLE V 

TRANSMISSION OF VARIOUS MATERIALS 
I N  THE VACUUM ULTRAVIOLET 

Short Wavelength 
Thickness TransmissioF L i m i t  

Material 0 > 10% (A) Notes 

Lithium f l u o r i d e ,  L i F  0.4 1050 Moderate abso rp t ion  

Calcium f l u o r i d e  , CaF 3 .O 1220 Sharp cu to f f  1,215 a 
Sapphire 0.5 1425 Sharp cu tof f  1,415 A 
Fuzed Quartz 1.0 1560 

Strontium f l u o r i d e  , SrF2 0.88 1200 Sharp cu tof f  1,270 A 
Sodium f l u o r i d e  , NaF 1.37 13 10 Sharp a t  1,276 A 

I n  the  case of 44 - 100 A x r a y s ,  a t h i n  window 

t o  1,300 8, 

on a hydrocarbon m a t e r i a l ,  such a s  Mylar or  G lyp ta l ,  i s  s a t i s f a c t o r y .  

Such mater ia l s  do not  have absorp t ion  bands i n  t h i s  range. Metal 

windows i n  t h i s  range have absorpt ion edges which complicate d e t e c t o r  

c a l i b r a t i o n  and lower the  s e n s i t i v i t y .  

Because of t he  l a r g e  range of wavelengths t o  

be  monitored wi th  t h e  inc lus ion  of t h e  1215 Lyman CY l i n e ,  l i th ium 

f l u o r i d e  i s  recommended a s  a window m a t e r i a l  and a l s o  a s  a s u b s t r a t e  

f o r  f i l t e r  elements €or  t h e  vacuum u l t r a v i o l e t  p o r t i o n  of t h e  spectrum. 

5.2.3.2 F i l t e r  Mater ia l s  

A s  w a s  the  case wi th  windows, very few types 

of f i l t e r s  a r e  a v a i l a b l e  i n  the  vacuum u l t r a v i o l e t .  In t e r f e rence  f i l -  

ters cannot be f a b r i c a t e d  a t  these  sho r t  wavelengths due t o  lack of 
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1 

s u i t a b l e  o p t i c a l  ma te r i a l s ;  t he re fo re  one is r e s t r i c t e d  t o  absorp t ion  

f i l t e r s .  

an a t t enua t ion  t h a t  fol lows t h e  r e l a t i o n :  

These f i l t e r s  do not have a sharp longwave cu to f f  but,  r a t h e r ,  

T = exp(-4kx/Ao) 

T i s  the  t ransmission of l i g h t  of wavelength ho through a f i l m  having 

an e x t i n c t i o n  c o e f f i c i e n t  k and th ickness  x. 

Several metals  a r e  s u i t a b l e  f o r  such a f i lm;  

f o r  i n s t ance ,  aluminum, chromium, gold or  rhodium. As an example, t he  

va lues  f o r  which aluminum absorbs 99.5 percent  of t h e  inc iden t  r a d i a t i o n  

a r e  shown i n  Table V I  which was taken from Ref. 35. 

TABLE V I  

THICKNESS OF ALUMINUM FILMS FOR WHICH 
THE TRANSMISSION I S  0.5 PERCENT 

Wavelength 
(A> 

3,000 

2,200 

1,216 

F i lm Thickness 
(A) 
390 

450 

700 

The e x t i n c t i o n  c o e f f i c i e n t  of s eve ra l  s u i t a b l e  

metals i s  tabula ted  below from Ref. 35- 

TABLE V I 1  

EXTINCTION COEFFICIENTS OF FILTER MATERIALS 

Wavelength, ho Ext inc t  ion 
Metal F i l m  (A) Coeff ic ien t  , k 

aluminum 2200 2.35 

chromium 1930 1.17 

go Id 2000 0.92 

rhodium 2536 0.056 
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Since gold i s  e a s i l y  evaporated and has  a low 

The low e x t i n c t i o n  c o e f f i c i e n t ,  i t  i s  recommended as t h e  f i l t e r  metal. 

e x t i n c t i o n  c o e f f i c i e n t  permi ts  t he  d e n s i t y  of t h e  f i l t e r  t o  be  c o n t r o l l e d  

w i t h  a high degree of prec is ion;  it a l s o  allows a longer  depos i t i on  t i m e ,  

which ensures a more homogenous f i lm.  

t 

5.2.4 Inc ident  Energy 

Three independent data:  s o l a r  flux',  atmospheric trans- 

mission,  and d e t e c t o r  response,must be compared i n  order  t o  a r r i v e  a t  

a n  es t imate  of t h e  s i g n a l  ou tput  from t h e  d e t e c t o r .  The s o l a r  s p e c t r a l  

r a d i a n t  i n t e n s i t y  i n  t h e  60 A t o  2,100 b range  a t  t h e  top  of t h e  atmos- 

phere w a s  taken dur ing  1961 through 1963 by r o c k e t s  w i t h  apogees g r e a t e r  

than  300 km and i s  publ ished i n  p a r t  i n  Refs. 36 and 37. 
da ta ,  t he  f l u x  averaged over t he  band 2,000 A t o  1,300 A i s  approximately 

0.5 erg/cm -sec-l. 

is  l / e  of the unat tenuated va lue ,  t he  average s o l a r  f l u x  i s  roughly 

0.18 erg/cm -sec-8. This  i s  t h e  amount of energy inc iden t  upon t h e  

d e t e c t o r .  

Using t h e s e  

2 
A t  u n i t  o p t i c a l  depth ,  that i s  where t h e  i n t e n s i t y  

2 .  

2 The Lyman CY energy is  roughly 5 erg/cm -sec a t  
2 1,215 A as measured a t  the t o p  of ' t h e  atmosphere, o r  1.8 erg/cm -sec 

a t  a de t ec to r  placed a t  u n i t  o p t i c a l  dep th ,  i. e. , about 100 km a l t i t u d e .  

me t o t a l  x-ray f l u x  i s  approximately 0.1 erg/cm2-sec between 60 %, 
and 100 b ,  as measured on h i g h - a l t i t u d e  rocke t  probes.  

5.2.5 Deteckor Se lec t ion  

When choosing a de tec to r  t h e  

s p e c t r a l  s e n s i t i v i t y  i s  of f i r s t  importance. 

cr i ter ia ,  as  f a r  as rocket  ins t rumenta t ion  i s  

ruggedness and t h e  support  equipment needed. 

s p e c t r a l  response and 

Another important 

concerned, i s  mechanical 

S impl ic i ty  of t h e  detcy-  
t o r  a l s o  should weigh heavi ly  i n  the  s e l e c t i o n .  

Typica l ly ,  an u l t r a v i o l e t  r a d i a t i o n  d e t e c t o r  ope ra t e s  

b y  means of photo ioniza t ion  and photoe lec t ron  product ion,  depending 

on t h e  wavelength of t h e  inc iden t  r a d i a t i o n .  The d e t e c t o r  u sua l ly  
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cons i s t s  of a conducting cavity which may be f i l l e d  with a gas. 

t h e  cavi ty  an e lec t rode  is introduced, making the  detector a two-terminal 

device. The incident rad ia t ion  passes through a window and i n t e r a c t s  

w i th  the  gas and t h e  chamber walls. 

u l t r a v i o l e t  photon has su f f i c i en t  energy t o  ion ize  the  f i l l i n g  gas. The 

ion and t h e  e l ec t rons  a r e  co l lec ted  and ind ica te  the  presence of t he  

photon. By t h e  proper se lec t ion  of gages, t he  response may be enhanced 

a t  c e r t a i n  wavelengths, depending on t h e  ion iza t ion  p o t e n t i a l  of t h e  

gas. Above 1,500 A t he  response i s  almost e n t i r e l y  due t o  photoelectron 

production, as i n  an ordinary phototube. This response may be s u r -  

pressed by proper tube geometry and quenching gases, which recombine 

wi th  the  photoelectron before it i s  co l lec ted .  

Ins ide  

From about 1,000 A t o  1,500 A t h e  

Either t h e  photoionization or  photoelectron mechanisms 

may be separated i n  a pa r t i cu la r  de tec tor .  

e l ec t ron  production, while an i o n  chamber employs photoionization. 

When both photoelectron production and ion iza t ion  take place the  

detector i s  ca l l ed  a photon counter. A s  indicated i n  Table I V  , f o r  

our purposes it i s  necessary t o  have a de tec tor  s e n s i t i v e  from 

2,000 A t o  below 1,500 1. 
Lyman fy and the  x-ray detector range above 120 km. 

A phototube employs photo- 

A separate de tec tor  w i l l  be used f o r  the 

I n  the  long wavelength range , - 1,500 a t o  2,000 %, 
a photomultiplier tube o f f e r s  t he  bes t  so lu t ion  due t o  i t s  high 

s e n s i t i v i t y ,  higher signal-to-noise r a t i o ,  and ready a v a i l a b i l i t y .  

Two types are usable i n  the  vacuum u l t r a v i o l e t :  photomultipliers 

w i th  a l k a l i  cathodes , such as SbCsO and "nude" photomultiplier 

s t ruc tu res  with AgOCs cathodes. The disadvantage of t he  SbCsO cathodes 

is t h e i r  longwave response i n  the v i s i b l e  so l a r  spectrum. 

cathodes are in sens i t i ve  above - 2,200 A and thus a r e  b l ind  t o  v i s i b l e  

s o l a r  rad ia t ion .  This i s  the  type of de tec tor  t h a t  i s  recommended 

f o r  the  longwave region, 2,000 

40 and 120 km. A representa t ive  tube i s  the EMI 9603. It i s  poss ib le  

t o  procure t h i s  tube with a lithium f luo r ide  window and thus maintain 

The AgOCs 

t o  1,200 A between t h e  a l t i t u d e s  of 
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a vacuum a t  lower a l t i t u d e s .  

i s  roughly 0.5 ergs/cm -sec-a ,  and t h e  t o t a l  r a d i a t i o n  i s  simply t h e  

f l u x  ($ times t h e  bandwidth A. 

The quantum e f f i c i e n c y  of t h e  cathode 
2 

2 2 P = @A = 3.5 x 10 ergs/cm -sec 

The s e n s i t i v i t y ,  S, of the tube  i s  around 50 mamp/watt 

o r  50 x mamp/erg/sec. Thus, t h e  anode c u r r e n t  d e n s i t y  i s  

2 J = SP = 175 x mamp = 1.75 x pamp/cm 

This  means f o r  each square cen t ime te r  of c o l l e c t i n g  

area a 1.75 vamp s i g n a l  i s  developed a t  u n i t  o p t i c a l  depth.  

s i g n a l  l eve l  i s  q u i t e  high and i s  a t  least  1,000 times t h e  dark  

cu r ren t  due t o  thermionic emission. 

2 3 

This  

The Lyman (Y de tec to r  w i l l  c o n s i s t  of an ion  chamber 

of 1 c m  aper ture  and 5 c m  volume. The window i s  of l i t h ium f l u o r i d e ,  

0.5 mm thick. The f i l l i n g  gas i s  n i t r o g e n  d iox ide  (NO ) wi th  a p a r t i a l  

p ressure  of 15  t o r r .  This  d e t e c t o r  produces about  10 

f o r  a Lyman cx flux of 1 erg/cm -sec. 

The n o i s e  i s  less than  10 amp. 

-8 amp of i on  c u r r e n t  
3 .  This  c u r r e n t  i s  e a s i l y  measured. - 16 

The x-ray de tec to r  w i l l  c o n s i s t  of a Glypta l  window 

2 
photon counter f i l l e d  w i t h  6.4 t o r r  e t h y l  formate and 750 t o r r  helium 

gas.  The window dens i ty  w i l l  be 0.2 mg/cm . The a p e r t u r e  w i l l  be  

0 .1  c m  wi th  an d e t e c t o r  l eng th  of 2.0 cm, a f t e r  Ref. 3 4 .  This  

d e t e c t o r  suppl ies  pu l se s  i n  excess  of 10 amp f o r  t h e  x-ray s o l a r  

i n t e n s i t y  a t  h e i g h t s  above 120 km. The number of counts  per  second 

w i l l  be  on t h e  order of several thousand above background of < 100 

counts / sec  due t o  cosmic r a y s  and hard x r a y s .  

2 

-8  

5 2.6 Backmound Radia t ion  

As mentioned i n  an ear l ier  s e c t i o n ,  t h e  

d e t e c t o r s  have been s e l e c t e d  t o  be i n s e n s i t i v e  beyond t h e  wavelength 

of i n t e r e s t .  

and a shor t  wavelength cu tof f  of 1,050 A due t o  t h e  l i t h i u m  f l u o r i d e  

The photomul t ip l ie r  has a longwave cu to f f  of 2,200 A 
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window. The metal  f i l  e r  w i l l  keep t h e  b ckground above i t s  c u t o f f  

frequency a t  a low l e v e l ,  down a t  least a f a c t o r  of 50 a t  2,200 A from 

t h e  2,000 A response.  The Lyman cy d e t e c t o r  i s  s e n s i t i v e  only between 

1300 and 1050 i. The energy in  t h e  Lyman (y l i n e  is 94 percent  of t h e  

r a d i a n t  energy i n  t h e  1050 A to 1300 band a t  u n i t  o p t i c a l  depth.  Of 

t h e  6-percent energy "leaking" around t h e  Lyman cy l i n e ,  v i r t u a l l y  a l l  

of i t  i s  due t o  s o l a r  emission and is absorbed by molecular oxygen i n  

t h e  same manner as t h e  Lyman Q energy,  and t h e r e f o r e  does not  q u a l i f y  

as noise .  

The noise  con t r ibu t ion  due t o  cosmic r a y s  i n  t h e  x-ray 

de tec to r  is a t  l e a s t  t e n  times less than  t h e  s i g n a l  level due t o  d i r e c t  

s o l a r  r ad ia t ion .  Addi t iona l  s igna l  processing of t h e  pulses  from t h e  

photon counter  could enhance the e f f e c t i v e  s igna l - to -no i se  r a t i o  because 

of t h e  random na tu re  of t he  noise  pulses  and t h e  more o r  less uniform 

na tu re  of t he  s i g n a l .  It i s  doubtful  i f  such a technique would b e  

worthwhile when we are dea l ing  w i t h  a r e l a t i v e l y  h igh  s igna l - to -no i se  

r a t i o  i n  excess of 100. 

5.2.7 Errors  

The measurement of dens i ty  a t  h igh  a l t i t u d e  is s u b j e c t  

t o  many inaccurac ies .  Those of g r e a t e s t  s i g n i f i c a n c e  t o  t h e  f i l t e r  

photometric technique a r e  discussed here .  

a l t i t u d e  dens i ty  gages t h i s  technique promises t o  be very  accura te .  

When compared t o  cu r ren t  high- 

5 .2 .7 .1  Outgassing 

A major advantage of t h e  absorp t ion  technique 

f o r  t he  measurement of dens i ty  i s  t h a t  i t  is less vu lne rab le  t o  e r r o r  

caused by outgassing.  The e r r o r  caused by t h e  a r t i f i c i a l  atmosphere 

c rea t ed  around a rocket  by outgassing and exhaust entrainment  has  

t roubled  a l l  experimenters.  In t h e  case  of very  l a r g e  rocke ts  t h a t  are 

vent ing  f u e l ,  s t a g i n g ,  o r  s t i l l  under power, t h e  outgass ing  problems are 

compounded. The d i f f e r e n t i a l  absorp t ion  technique l a r g e l y  avoids  t h e s e  

problems, p a r t i c u l a r l y  a t  high a l t i t u d e s  where outgass ing  i s  t h e  most 

severe. 
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The p res su re  a t  160 lcm is  roughly 0.038 

t o r r .  The t o t a l  s o l a r  abso rp t ion  is  t h e  sum of t h e  abso rp t ion  of 

each molecule between the  measuring instrument  and t h e  sun. The num- 

ber  a t  160 km, fo r  example, can be es t imated  by mul t ip ly ing  t h e  t o t a l  

number of molecules a t  t he  su r face  of t h e  e a r t h  by t h e  atmospheric 

p re s su re  a t  160 km i n  atmospheres,  from Table  11, namely: 

76 x 13.6 
29 X 6.02 X X 

38 x 
760 1.08 x lo2' molecules 

I n  order  t o  a f f e c t  t h e  abso rp t ion  d a t a  by 

1 pe rcen t ,  1.08 x 10l8 molecules would have t o  appear as a contaminant 

between t h e  sun and t h e  sensor .  Consider ing a 1 cm a p e r t u r e ,  1.08 x 

10l8 molecules of a i r  amounts t o  3.6 x 10 

appears  as a small  amount of contaminat ion,  cons ide r  t h e  f a c t  t h a t  t h i s  

i s  t h e  amount per square  cent imeter .  

2 

-5 s t anda rd  cc.  While t h i s  

The nose cone a r e a  of a rocke t  may amount t o  
2 5 m which would have t o  evolve .about 1 .5  s t anda rd  cc on t h e  o rde r  of 

a response t i m e ,  s a y  10 sec  f o r  a one percent  e r r o r .  Thus, t o  sum- 

marize ,  1500 s tandard  cc of contaminating gas would have t o  be  evolved 

per second to  a f f e c t  t h e  d a t a  1 percent  a t  an a l t i t u d e  of 160 km. This  

is  an un l ike ly  h igh  amount. Thus, t h e  abso rp t ion  technique appears  t o  

o f f e r  a s t r a igh t fo rward  way t o  measure f r e e  a i r  d e n s i t y .  

-3 

5 .2 .7 .2 Detector  D r i f t  

By proper aging of t h e  d e t e c t o r ,  d r i f t  can 

be he ld  t o  less than  1 percent  per  day a f t e r  24-hour warmup i n  t h e  c a s e  

of t h e  photomul t ip l ie r .  

d r i f t .  

over s eve ra l  hours ope ra t ion ;  however, dur ing  t h e  f l i g h t  t h e  d r i f t  would 

be q u i t e  s m a l l .  

The ion  chamber f o r  Lyman CY has n e g l i g i b l e  

The x-ray de tec to r  experiences d r i f t  i n  t h e  o rde r  of 10 p'ercent 
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5.2.7.3 Absolute Energy C a l i b r a t i o n  

The abso lu te  energy c a l i b r a t i o n  of t he  i n s t r u -  

ment w i l l  be c a r r i e d  out  i n  the labora tory  us ing  gas d ischarge  lamps and 

s o f t  x-rays.  A t  p r e s e n t ,  only an  e s t ima te  can be  made of t h e  s t a b i l i t y  

of t h i s  c a l i b r a t i o n  on t h e  bas i s  of de t ec to r  and e l e c t r o n i c s  d r i f t .  By 

u s e  of chopper s t a b i l i z a t i o n  and feedback, t h e  e l e c t r o n i c s  can  be made 

e s s e n t i a l l y  d r i f t  f r e e .  Thus, t h e  only c o n t r i b u t i o n  t o  i n s t a b i l i t y  i n  

abso lu t e  c a l i b r a t i o n  would be t h e  de t ec to r  d r i f t s  mentioned earlier.  On 

t h i s  b a s i s ,  an o v e r a l l  s y s t e m  accuracy i n  r e p o r t i n g  the  abso lu te  s o l a r  

u l t r a v i o l e t  i n t e n s i t y  would be *5 percent  of t h e  va lue  f o r  50-percent 

s i g n a l  output .  

5 . 2 . 7 . 4  Atmospheric Dust 

Recently h i g h - a l t i t u d e  laser beam s c a t t e r i n g  

r e sea rch  has suggested a t h i n ,  s t r i a t e d  dus t  b e l t  around t h e  e a r t h  i n  t h e  

80 t o  150 lun region.  A t  p re sen t ,  t h e  s c a t t e r i n g  from these  p a r t i c l e s  

cannot be  evaluated without  a more d e t a i l e d  knowledge of t h e i r  s i z e  and 

dens i ty .  A s  f a r  as dens i ty  measurements by u l t r a v i o l e t  absorp t ion  are 

concerned, t h e  abberat ions i n  t h e  instrument c a l i b r a t i o n  due t o  dus t  

l aye r s  should be  apparent upon reducing the  d a t a  t o  the  g raph ica l  form 

of i n t e n s i t y  versus  a l t i t u d e .  The dus t  bands would show up as s t e e p  

v a r i a t i o n s  i n  i n t e n s i t y .  These then  can be sub t r ac t ed  out from t h e  

smooth curve i n  the  dus t - f r ee  reg ions  and both the  dust  dens i ty  and t h e  

molecular oxygen dens i ty  es t imated.  

. 

5.2.8 E lec t ron ic s  

The support  e l e c t r o n i c s  f o r  t he  assembly of d e t e c t o r s  

w i l l  be  completely s o l i d  s t a t e  and employ in te rchangeable  modules f o r  

ease i n  se rv i c ing .  Each de tec to r  w i l l  feed i n t o  an independent d a t a  

system. This approach i s  s i m p l e r  than switching the  output  of t h e  

d e t e c t o r s  a t  t he  proper a l t i t u d e  and is more r e l i a b l e ,  s i n c e  t h e  loss  

of one da ta  system does not cause a complete f a i l u r e .  It is a l s o  

be l ieved  t h a t  t h e  a d d i t i o n a l  data c o l l e c t e d  w i l l  be  of h e l p  i n  planning 

poss ib l e  modif icat ions t o  fu tu re  instruments .  A block diagram of t h e  

e l e c t r o n i c  system is  shown i n  Fig.  21. 
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The tachometer i s  used t o  provide a s i g n a l  f o r  

synchronous demodulation and a l s o  t o  provide a timing pu l se  f o r  d a t a  

reduct ion .  Both t h e  photomul t ip l ie r  (P-M) ampl i f i e r  and Lyman CY 

a m p l i f i e r  (Lya’ inF ig .  21) a re  ac-coupled wi th  a l a r g e  amount of feed- 

back f o r  s t a b i l i t y .  The P-M ampl i f i e r  has  a v o l t a g e  g a i n  of  100 and 

t h e  Lyman CY ampl i f i e r  has  a vol tage  ga in  of 10 . The inpu t  impedance 

of bo th  ampl i f i e r s  i s  t aken  as 10 megohms. The pu l se  a m p l i f i e r  used 

f o r  t h e  x-ray d e t e c t o r  has a vo l t age  ga in  of 1000 and an input  imped- 

ance of 1 megohm. The capac i ty  of t h e  s c a l e r  need be no more than  

10 counts ,  whi le  t h e  d-to-a conver te r  need be  only a s imple i n t e g r a t -  

ing dc ampl i f i e r .  

4 

4 

A l l  the bas i c  p a r t s  of s i g n a l  process ing  e l e c t r o n i c s ,  

up t o  t h e  FM o s c i l l a t o r s ,  have been developed and used on o t h e r  i n s t r u -  

ments b u i l t  by EOS. The FM o s c i l l a t o r s  and t r a n s m i t t e r  is  a s tandard  

p i ece  of f l i g h t  ins t rumenta t ion ,  such as Vector B56A s u b c a r r i e r  o s c i l -  

l a t o r s  and Vector TRFT 250 t r a n s m i t t e r .  

The power supp l i e r  f o r  t h e  va r ious  e l e c t r o n i c  s e c t i o n s  

w i l l  have a common +28 v o l t  dc feed vo l t age .  

a te  from a nominal 25.0 fl v o l t  l i n e .  

cond i t ion ing  r e g u l a t o r .  

t o  prevent  c ros s  modulation through power supply feedback. The high- 

v o l t a g e  power supp l i e s  w i l l  be independent f o r  each channel and o p e r a t e  

from t h e  +25.0 *1 v o l t  p reregula ted  l i n e .  

The a m p l i f i e r s  a l l  oper- 

This  w i l l  b e  provided by a power 

Each channel w i l l  have i t s  s e p a r a t e  r e g u l a t o r  

5.2.9 Data Processinq 

The s i g n a l s  from t h e  d e t e c t o r s  w i l l  have t h e  form shown 

in  Fig.  22. Af t e r  s i g n a l  processing t h e  form a t  t h e  input  of t h e  FM 

o s c i l l a t o r s  i s  shown i n  Fig .  23. The s t r u c t u r e  of t h e  pho tomul t ip l i e r  

s i g n a l  is t h e  s a m e  as shown i n  Fig.  22, except f o r  t h e  compressed t ime 

s c a l e .  The Lyman CY d e t e c t o r  output has been i n t e g r a t e d ,  as has t h e  

sca l ed  (0.5 sec)  x-ray de tec tor  ou tpu t .  The pho tomul t ip l i e r  channels  

can be  separa ted  on t h e  ground by means of synchronous demodulation 

us ing  t h e  tachometer TM output  as t h e  demodulating s i g n a l .  The band- 

width needed f o r  t h e  channels is shown i n  Table V I I I .  
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TABLE V I 1 1  

BANDWIDTH REQUIREMENTS 

Channe 1 Bandwidth 

Photomu 1 t i p l i e r  900 cps 

Lyman Cy 

X-ray de tec tor  

300 cps  

100 cps  

Tachometer 300 cps 

5.2.10 Instrument Ca l ib ra t ion  

The c a l i b r a t i o n  of the  instrument i s  t o  be  c a r r i e d  out  

i n  t h e  l abora to ry ,  us ing  a carbon arc u l t r a v i o l e t  source and a vacuum 

u l t r a v i o l e t  spectrograph.  

i n  order  t o  preserve t h e  high vacuum needed i n  t h e  spectrograph.  The 

s p e c t r a l  response of  t h e  photometers w i l l  be  determined f o r  t h e  photo- 

m u l t i p l i e r  and Lyman cy detec tor .  

The carbon a r c  w i l l  b e  d i f f e r e n t i a l l y  pumped 

The x-ray de tec to r s  w i l l  b e  c a l i b r a t e d  a g a i n s t  a 

s tandard  ion iza t ion  chamber using an  x-ray tube  as a source.  The spec- 

t r a l  response can  be  approximately determined by us ing  f i l t e r s  on t h e  

x-ray tube and adjustments of t h e  tube vol tage .  

Conversion of t h e  photometer ou tput  w i l l  be made by 

normalizing the  da t a  f o r  v a r i a t i o n s  i n  s p e c t r a l  response and comparing 

t h e  energy rece ived  wi th  laboratory da t a  on oxygen absorp t ion  c ros s  

s e c t i o n s .  The absorp t ion  can  then be converted i n t o  s tandard  s l a n t  a i r  

mass by Lambert 's l a w ,  c i t e d  in  Sec t ion  5 .2 .2 .  

The problem of conver t ing  s l a n t  a i r  m a s s  i n t o  v e r t i c a l  

a i r  mass is t r e a t e d  i n  t h e  appendix. It is suggested t h a t  a u s e f u l  

method of c a l i b r a t i o n  would be t o  compare t h e  d e n s i t y  readings  from t h e  

f i l t e rpho tomete r  w i th  those obtained s imultaneously from an independent 

method. This o the r  method could be the  u l t r a v i o l e t  dens i ty  gage d i s -  

cussed i n  Sec t ion  5 .1  or t h e  f a l l i n g  sphere technique d iscussed  i n  

Ref- 6 ,  16, and 2 6 .  

I 
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5.2.11 Instrument Conf igura t ion  

I n  order  t o  r e a l i z e  t h e  f u l l  p o t e n t i a l  of t h e  i n s t r u -  

ment, i t  must be  o r i e n t a t e d  toward the  sun. 

wi th  t h e  v e r t i c a l  v a r i e s  from about 35 degrees  a t  40 km t o  90 degrees  

a t  150 km, a s o l a r  t r acke r  must have t h i s  angular  f i e l d  of a c q u i s i t i o n .  

A very simple x-y  coord ina te  t r acke r  developed by EOS, t h e  Radia t ion  

Tracking Transducer (RTT), can perform t h e  func t ion  of s o l a r  t r ack ing  

using only pinhole o p t i c s .  The instrument should be loca ted  i n  t h e  nose 

t i p  or  t he  f irst  i n t e r s t a g e  of t h e  launch v e h i c l e ,  i n  order  t o  have t h e  

b e s t  view of t h e  sun a t  a l l  t imes.  The loca t ions  could be t h e  s a m e  as 

shown f o r  the u l t r a v i o l e t  dens i ty  gage i n  Fig.  11. The instrument view 

p o r t  should b e  on the  s i d e  of t he  v e h i c l e  t h a t  w i l l  f ace  the  sun dur ing  

launch. The p o r t  i s  covered during t h e  e a r l y  p a r t  of t h e  t r a j e c t o r y  and 

i s  opened above 30 km. 

S ince  t h e  f l i g h t  pa th  angle  

The instrument and s o l a r  t r ack ing  mounting i s  dep ic t ed  

i n  Fig.  24. It c o n s i s t s  of a fork-mounted d e t e c t o r  and s o l a r  t r ack ing  

sensor  which is  f r e e  t o  move through 60 degrees of e l e v a t i o n  and 90 

degrees of azimuth. The s l i t  c u t  i n  the  v e h i c l e  f a i r i n g  must be wide 

enough t o  take i n  t h e  60 x 90 degree f i e l d  of view. I f  t h e  s l i t  i n t e r -  

f e r e s  wi th  the aerodynamic performance of t he  miss i le ,  a l i t h ium f l u o r i d e  

window may be used;  however, t h e  x-ray d e t e c t o r  must be mounted such t h a t  

i t s  p ro tec t ive  window can be removed when t h e  d e t e c t o r  begins opera t ion .  

The de tec to r  and sun sensor  assembly is  shown i n  Fig.  

25. The x-ray de tec to r  i s  mounted i n  f r o n t  of t he  chopper motor and has 

an  unobstructed view of t h e  sun. I n  t h e  rear of t h e  x-ray photon counter  

is the  RTT sun t r a c k e r ;  t he  t h i n  G l y p t a l  window a c t s  as a pinhole  f o r  

forming a solar image on t h e  RTT. 

The chopper wheel conta ins  f i l t e r s  i n  those openings 

which pass  in f r o n t  of t h e  photomul t ip l ie r .  

f o r  d a t a  i d e n t i f i c a t i o n  is a l s o  loca ted  i n  the  chopper d i sk .  

wheel r o t a t e s ,  each f i l t e r  i n  t u r n  is  placed i n  f r o n t  of t he  photomulti-  

p l i e r ,  as well as a r e fe rence  s i g n a l  which may be i d e n t i f i e d  by i t s  

A c l e a r  r e fe rence  notch 

A s  t h e  
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s h o r t e r  dura t ion .  The Lyman CY d e t e c t o r  i s  a l s o  chopped a t  t h e  same 

r a t e  as t h e  photomul t ip l ie r .  As mentioned ea r l i e r ,  t h e  a m p l i f i e r s  are 

h i g h - s t a b i l i t y  ac-coupled i n  order t o  minimize zero  d r i f t  due t o  t h e  

e l e c t r o n i c s .  Also contained wi th in  t h e  sensor  assembly are t h e  pre- 

ampl i f i e r s  f o r  each de tec to r .  

The estimated s i z e  of  t h e  d e t e c t o r  package is 2.5 inches  

diameter by 6 112 inches long. Each moving p a r t  i s  s t a t i c a l l y  balanced 

so t h a t  a couple a c t s  on each a x i s  of  r o t a t i o n  during launch v e h i c l e  

a c c e l e r a t i o n  and, t h u s ,  no ex t r a  torque need be provided by t h e  d r i v e  

motors o ther  than  t h a t  necessary f o r  pos i t i on ing  the  instrument.  Assum- 

ing a da ta  a c q u i s i t i o n  t i m e  on t h e  order  of 100 s e c ,  t h e  e l e v a t i o n  motor 

must d r ive  a t  a ra te  of approximately 0.6°/sec,  c e r t a i n l y  a moderate 

f i g u r e  and e a s i l y  i n  reach of t h e  s imples t  s e rvo  systems. The azimuth 

d r i v e  would d r i v e  through even a smal le r  angle  during t h e  f l i g h t .  It is 

only necessary t h a t  the  sun be i n  the  open quadrant of t he  instrument  

c ompar tmen t . 
5.3 Elec t ron  Beam Density Gage 

W e  were l e d  t o  consider  an e l e c t r o n  beam densi tometer  i n i t i a l l y  

by t h e  requirement of a penet ra t ion  d i s t a n c e  of 10 t o  20 meters. I f  t h i s  

pene t r a t ion  could be  achieved,  it would be poss ib l e  t o  l o c a t e  t h e  i n s t r u -  

ment i n  t h e  uppermost i n t e r s t a g e  s e c t i o n  of a launch veh ic l e .  

P a r t i c l e  backsca t t e r  techniques us ing  a lpha ,  b e t a ,  or  g a m a  

sources  were f i r s t  inves t iga ted .  They were u n s a t i s f a c t o r y  because i n  

order  t o  g e t  a s u f f i c i e n t l y  high count ra te  f o r  accu ra t e  measurement a t  

h igh  a l t i t u d e s  where the  densi ty  i s  low,too l a r g e  a r a d i o a c t i v e  source  

w a s  requi red .  Put  another  way ,  t h e  e f f e c t i v e  backsca t t e r  c r o s s  s e c t i o n  

w a s  t oo  low. 

A higher  e f f e c t i v e  backsca t te r  c r o s s  s e c t i o n  could be obta ined  

wi th  an  e l e c t r o n  beam as the  i l lumina tor .  S ince  e l e c t r o n  guns are 

r e a d i l y  a v a i l a b l e ,  t h i s  method w a s  s tud ied  next .  The geometry of t h e  

device  is  similar t o  t h a t  of the u l t r a v i o l e t  dens i ty  gage por t rayed  i n  

F ig .  26. The source of the  e l ec t ron  beam is an e l e c t r o n  gun and the  
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d e t e c t o r  is  a photomul t ip l ie r  tube which senses  t h e  f luorescence  of 

t h e  a i r .  The f i e l d  of view of t h e  de t ec to r  i n t e r s e c t s  t h e  e l e c t r o n  

beam between d and d 3 '  1 
Although i n i t i a l l y  the e l e c t r o n  beam densi tometer  appeared 

very  promising, our u l t i m a t e  conclusion i s  t h a t  t h e  e l e c t r o n  beam 

technique i s  not p r a c t i c a b l e  below an  a l t i t u d e  of 75 km. Its  c e i l i n g  

i s  about 130 km. The reasons a r e  t h a t  a t  t he  lower a l t i t u d e s  t h e  

divergence of t h e  beam is  t o o  g r e a t ,  and t h a t  t he  gun must be opera ted  

i n  a vacuum t h a t  r e q u i r e s  bulky d i f f e r e n t i a l  pumping machinery. The 

balance of t h i s  s e c t i o n  discusses  our a n a l y s i s  t h a t  l e d  t o  t h i s  con- 

c l u s  ion.  

5.3.1 Pene t r a t ion  Distance 

The important cons ide ra t ion  i n  whether o r  no t  the  beam 

can reach the  reg ions  of  undisturbed flow beyond t h e  shock layer  is t h e  

d i s t ance  t o  which the  beam can p e n e t r a t e  the  a i r .  FOK a given l e v e l  of 

beam energy t h i s  d i s t a n c e  is  inverse ly  propor t iona l  t o  t h e  a i r  dens i ty ,  

as is  i l l u s t r a t e d  i n  Fig.  27. The d i s t a n c e  a l s o  i s  d i r e c t l y  p ropor t iona l  

t o  t h e  a c c e l e r a t i n g  p o t e n t i a l .  As t h e  f i g u r e  shows, i n  order  t o  achieve 

any reasonable  pene t r a t ion  range the  a c c e l e r a t i n g  p o t e n t i a l  o r  beam 

energy must be a t  least  10 kev. Beam d i spe r s ion  due t o  m u l t i p l e  s c a t t e r -  

i ng  of t h e  e l e c t r o n s ,  which i s  d i scussed  i n  Sec t ion  5 .3 .4  is neglec ted  here .  

5.3 .2  Signal  Strength 

Inasmuch as lack of s i g n a l  s t r e n g t h  a t  t h e  higher  a l t i -  

tudes has  caused the  o the r  backsca t t e r  techniques t o  be u n s a t i s f a c t o r y ,  

we f i r s t  i nves t iga t ed  t h e  s igna l  s t r e n g t h  a t  100 km. 

The amount of l i g h t  i n  watts/cm of e l e c t r o n  pa th  length  

t h a t  i s  i s o t r o p i c a l l y  emi t ted  by the  ionized a i r  through which the  e l ec -  

t r o n  beam passes  i s  given by 
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where p is the air density in gm/cm'; dE/dx is the energy lost per 

electron per centimeter in joules - cm /gm; N is the number of elec- 
trons per second; and K is the fraction of energy lost that goes into 
light. 

2 

The amount of light emitted by the fluorescing air and 

actually received by a photomultiplier tube is represented by the rela- 

t ion 

= fI Ir (35) 

where f is the fraction of the light emitted by the gas that is collected 

by the photocathode of the photomultiplier tube. 
2 The amount of light that would be received by a 1.5 cm 

photocathode at an altitude of 100 km was calculated. It was assumed 
that the light was emitted by a l-centimeter long column of air located 

10 meters from the photomultiplier. The following values were assigned 

to the terms of Eqs. 34 and 35. 

3 p = 6 x 10-l' gr/cm 

K = 0.1 

N = 2 x electrons/sec 

( o r ,  32 x amp) 
2 dE/dx = 9 . 6  x joules-cm /gm 

- 8  f = 8 x 1 0  

The amount of light that would be received by the photocathode under 

these conditions is watts/cm of path lkngth. If the field of 

view of the photocathode encompassed a l-meter long column rather than 

a. 1-centimeter column, at 10 meters range, the amount of light received 

would increase to 10-l' watts. 

5.3.3 Background 
5.3.3.1 Photomultiplier Tube Noise 

A 1P28 photomultiplier tube has an equivalent 

noise power at the photocathode, when measured through a 100 cps bandpass 
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- 10 
f i l t e r ,  of approximately 10 watts.  S ince  t h i s  i s  t h e  same o rde r  

as t h e  s igna l  rece ived  from a 1-meter long column of i on ized  a i r ,  t h e  

e l e c t r o n  beam m u s t  be modulated t o  d e t e c t  t h e  s i g n a l  a t  h igh  a l t i t u d e s .  

5 .3 .3 .2  Light  from t h e  Day Sky 

I f  we exclude t h e  quadrant  of t h e  sky t h a t  

a c t u a l l y  includes t h e  sun ,  i t  i s  ind ica t ed  t h a t  t h e  i n c i d e n t  r a d i a t i o n  

i n  the  v i s i b l e  wavelengths a t  100 km is  about 10 

(Ref. 15) .  Considering a d e t e c t i o n  appara tus  wi th  an a p e r t u r e  of 10 

s t e r a d i a n s ,  t h e  background s i g n a l  would b e  10-l' watt/cm2. 

i s  of t he  order of t h e  s i g n a l ,  and modulation must be used.  Thus, t h e r e  

appears  t o  be an adequate s i g n a l  i f  modulation techniques are  used. 

-4  wat t s /cm2-s te rad ians  
-6 

This  a g a i n  

5.3.4 S c a t t e r i n g  

The main problem a s s o c i a t e d  w i t h  producing a co l l ima ted  

e l e c t r o n  beam i s  t h e  m u l t i p l e  s c a t t e r i n g  of t h e  e l e c t r o n s  by t h e  a i r  

molecules.  The p ro jec t ed  mean angle  through which the  beam would be 

s c a t t e r e d  by t h e  a i r  molecules is  given by 

where P i s  the momentum of t h e  e l e c t r o n s  i n  MeV, L t h e  pa th  l eng th  i n  

gm/cm2, and L 2 i s  t h e  r a d i a t i o n  length  o f  t h e  gas a l s o  i n  gm/cm . R 
The s c a t t e r i n g  i s  most s e r i o u s  a t  t h e  lower a l t i t u d e s  

s o  t h e  magnitude of t h e  s c a t t e r i n g  angle  w a s  c a l c u l a t e d  f o r  an a l t i t u d e  

of 30 km. We f i n d  f o r  a pene t r a t ion  d i s t a n c e  of 10 meters  through a i r  

of gm/crn3 dens i ty  (30 la) t h a t  t h e  mean s c a t t e r i n g  angle  f o r  0 .15  

Mev e l ec t rons  i s  2 .6  r ad ians .  I n  o ther  words,  t h e  e l e c t r o n s  do no t  form 

a beam, they d i f f u s e .  

Rewri t ing Eq. 36 t o  put  i n  t h e  dependence of range on 

momentum, the equat ion becomes 

0.2 e ' =  2 . 4 4 ( ~ p )  

LR 
(37) 

1 
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where 1 i s  t h e  pene t r a t ion  d is tance  or  range i n  cent imeters  and p i s  

t h e  gas dens i ty  i n  gm/cm . 
t e r i n g  angle  goes as t h e  f i f t h  r o o t  of t he  dens i ty .  This means t h a t  

even a t  an a l t i t u d e  of 75 lan, where the  dens i ty  has decreased from 10 

t o  

3 For a g iven  range t h e  p ro jec t ed  mean scat- 

-5 

3 gm/cm , t he  s c a t t e r i n g  ang le  is about seven-tenths  of a r a d i a n  

(40 degrees) and t h e  e l ec t rons  would not  form a wel l -def ined beam. I f  

a h igher  beam energy w e r e  used, t he  beams would be  b e t t e r  def ined.  

5.3.5 E f f e c t  of Electron Beam Energy 

To confirm t h e  f i nd ings  of t he  preceding a n a l y s i s ,  a 

second a n a l y s i s  w a s  undertaken concurren t ly .  

t he  problem from a somewhat d i f f e r e n t  angle  as i s  apparent  from a com- 

par i son  of Eqs. 36 and 37  w i t h  Eqs. 38 and 39.  

The o the r  a n a l y s i s  approaches 

The s c a t t e r i n g  mechanism considered is  t h e  i n t e r a c t i o n  

of the  e l ec t rons  wi th  t h e  Coulomb f i e l d  of a nucleus.  It i s  assumed 

t h a t  the  s c a t t e r i n g  angles  a r e  small and t h a t  the  n e t  angle  of def lec-  

t i o n ,  8 ,  has a gauss ian  d i s t r i b u t i o n  about 8 = 0. 

t h a t  t h e  e l e c t r o n  beam extends w e l l  beyond t h e  p o r t i o n  being considered.  

It is  a l s o  assumed 

Under these  assumptions,  t h e  mean square of t h e  l i n e a r  

dev ia t ion  normal t o  t h e  d i r e c t i o n  of t he  inc ident  e l e c t r o n  beam, i . e . ,  

t h e  r ad ius  of t h e  d ispersed  beam, can b e  expressed as 

;2 = 1 i32 L 2 

where ‘ G 2  = mean square  of the d i spe r s ion  r a d i u s  

e2 = mean square of t h e  ne t  angle  of d e f l e c t i o n  

L = d i s t a n c e  t o  beam element be ing  viewed 

The ne t  angle  of d e f l e c t i o n  can be expressed as 

2 2 4  a PV 8n n Lz Z e e2  = 

(PV> 

where z = charge of incident  p a r t i c l e s  

Z = charge of s c a t t e r i n g  nucleus 

n = number of atoms p e r  cm 3 

(39) 
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V = v e l o c i t y  of i nc iden t  p a r t i c l e s  

P = r e l a t i v i s t i c  momentum of inc iden t  p a r t i c l e  
-9 

a = Bohr r ad ius  = 5.29 x 10 cm 
0 

e = e l e c t r o n  charge 

Since we are cons ider ing  an inc iden t  beam of e l e c t r o n  

p a r t i c l e s  passing through a i r ,  t h e  mean square  of t h e  l i n e a r  dev ia t ion  

i n  cent imeters  squared can be evaluated a s  fo l lows:  

;2 = 9.12 x 10 ] NL3 

where z = 1 

z = average atomic number of air  = 7 . 2 7  

a = 5.29 x lo-' cm 
- 10 0 

e = 4.8 x 10 esu 

Using Eq. 40 t h e  e f f e c t  o f  beam k i n e t i c  energy (P X V) 

on beam radius  was ca l cu la t ed .  A higher  beam energy w i l l  reduce beam 

divergence. B e a m  energy l e v e l s  of 100 and 200 kev were i n v e s t i g a t e d  a t  . 

a range of a l t i t u d e s  from 30 t o  '100 lm. 

h ighes t  p r a c t i c a l  energy t h a t  could be used. Our f ind ings  a re  p l o t t e d  

i n  Fig.  28. The maximum pene t r a t ion  d i s t a n c e  f o r  an e l e c t r o n  beam of 

given energy a t  each a l t i t u d e  a l s o  is  shown i n  t h e  f i g u r e .  

An energy of 200 kev is t h e  

I n  i n t e r p r e t i n g  these  p l o t s ,  i t  must be remembered t h a t  

t h e  equations a c t u a l l y  are v a l i d  only f o r  the  case  where t h e  beam length  

is much g r e a t e r  than the  d i s t a n c e  t o  t h e  element being viewed, where 

(P X V) i s  approximately cons t an t .  It i s  immediately seen  t h a t  a t  t h e  

lower a l t i t u d e s  t h e  d i s t ance  from the  beam source t o  t h e  element being 

viewed a c t u a l l y  is  about equal  t o  the  t o t a l  beam l eng th  and t h i s  r equ i r e -  

ment i s  not  met. However, we be l i eve  t h a t  t h i s  a n a l y s i s  g ives  a use fu l  

f i r s t  c u t  p i c tu re  of t h e  s i t u a t i o n .  

Q u a l i t a t i v e l y  i t  is  seen t h a t  f o r  t he  case  where t h e  

d e t e c t o r  must look out  s e v e r a l  meters t o  g e t  beyond t h e  shock l aye r  t h e  

e l e c t r o n  beam technique w i l l  be  reasonably e f f e c t i v e  a t  an a l t i t u d e  of 
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75 km and above. A t  30 km the  technique has  a reasonable  beam 

d i spe r s ion  radius  of less than 1 meter only f o r  look d i s t a n c e s  of 1 
meter o r  l e s s .  

5.3.6 Elec t ron  Gun 

Beam s c a t t e r i n g  could be avoided i f  t h e  instrument  

were placed on the  nose t i p .  

cen t imeters  is r equ i r ed ,  and t h e  s c a t t e r i n g  a t  t h i s  s h o r t  range would 

be only a f r a c t i o n  of t h a t  a t  10 meters. However, s tudy of e l e c t r o n  

gun technology revea led  t h a t  t he  gun i t s e l f  would cause  f u r t h e r  d i f f i -  

c u l t  ies . 

Here a p e n e t r a t i o n  range of only a few 

For an  e l e c t r o n  gun t o  o p e r a t e ,  i t  must be i n  a vacuum 
- 7  3 where the  densi ty  i s  less than  10 gm/cm . A t  h igher  d e n s i t i e s ,  t h e  

f i lament  s u f f e r s  s eve re  contamination. To achieve  t h i s ,  a d i f f e r e n t i a l  

pumping technique must be used wherein the  gun f i lament  i s  loca ted  with-  

i n  a s e r i e s  of chambers t h a t  are a t  p rogres s ive ly  lower d e n s i t i e s .  To 

achieve t h e  requi red  d e n s i t y  drop when t h e  v e h i c l e  is f l y i n g  through 

a i r  having a dens i ty  equiva len t  t o  t h a t  found a t  30 t o  50 km, t h e  vacuum 

u n i t  a lone  m u s t  b e  a cube about one-half  meter on a s i d e .  Such a bullcy 

instrument wovld be  imprac t ica l  f o r  mounting on t h e  nose t i p .  

5.3 .,7 Conclusions 

I n  summary, we have found t h a t  a t  t h e  lower a l t i t u d e s  

an e l e c t r g d e a m  dens i ty  gage cannot be  loca ted  i n  t h e  forward i n t e r -  

s t a g e  because the  pene t r a t ion  s c a t t e r i n g  i s  so  severe  t h a t  t h e  beam 

cannot reach beyond t h e  shock l aye r .  It cannot be loca ted  i n  t h e  nose 

t i p ,  where the r equ i r ed  pene t r a t ion  d i s t a n c e  is  s h o r t ,  because a bulky 

vacuum system must be c a r r i e d .  Thus, i t  appears t h a t  an e l e c t r o n  beam 

device i s  usable  only from about 75 km up t o  130 km. 

5 .4  Backscatter Density Gage 

Another method of avoiding t h e  d i s tu rbed  flow f i e l d  near t he  

launch veh ic l e  i s  t o  use  t h e  backsca t t e r  of nuc lear  r a d i a t i o n s  t o  measure 
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dens i ty .  The r a d i a t i o n  coming from a nuclear  source propagates through 

t h e  medium t o  be measured and i n t e r a c t s  i n  a manner which causes  some of  

the  r a d i a t i o n  t o  s c a t t e r  back t o  a de tec to r .  The amount of i n t e r a c t i o n  

or  s c a t t e r i n g  is  pr imar i ly  a func t ion  of t he  dens i ty  of t h e  s c a t t e r i n g  

medium, i n  our  case  a i r ,  and thus ,  t h e  amount of  r a d i a t i o n  de tec t ed  is  

a good measure of t h e  dens i ty  of t h e  a i r .  

Commonly b e t a  p a r t i c l e s  o r  g a m a  r a d i a t i o n s  are u t i l i z e d  as 

t h e  backsca t te red  agent.  Beta p a r t i c l e s  are e l e c t r o n s  which have been 

e j e c t e d  from a nucleus.  A s  t h e s e  b e t a  p a r t i c l e s  o r  e l e c t r o n s  pass  

through t h e  a i r ,  they are  s c a t t e r e d  as a r e s u l t  of t h e i r  i n t e r a c t i o n  

wi th  the  e l e c t r i c  f i e l d s  of the nucleus and o r b i t a l  e l e c t r o n s .  Gamma 

r a d i a t i o n  is  electromagnet ic  r a d i a t i o n  of  s h o r t  wavelength emi t ted  by 

n u c l e i  i n  t h e  course  of r ad ioac t ive  decay. S c a t t e r i n g  of gamma r a d i a -  

t i o n  by a medium i s  t h e  r e s u l t  of i n t e r a c t i o n  between t h e  inc iden t  r a d i -  

a t i o n  and t h e  e l e c t r o n s  of the medium. The Rutherford l a w  of s i n g l e  

s c a t t e r i n g  i n  t h e  case  of be tas  and t h e  Thompson theory (concerning the  

f r a c t i o n  of r a d i a t i o n  s c a t t e r e d  by an  e l ec t ron )  

can be r e l a t e d  t o  t h e  dens i ty  of t he  a i r .  

is  in t eg ra t ed  over t he  thickness  of t he  a i r  l aye r  and t h e  angle  of de f l ec -  

t i o n ,  t he  a i r  dens i ty  as a funct ion of t h e  amount of r a d i a t i o n  rece ived  

by the  d e t e c t o r  can be determined. Absorption and m u l t i p l e  s c a t t e r i n g  

are assumed t o  be  n e g l i g i b l e .  

i n  t h e  c a s e  of gammas 

When t h e  r e s u l t i n g  r e l a t i o n  

Density has been measured i n  t h e  pas t  w i th  low-energy b e t a  

p a r t i c l e s  up t o  an a l t i t u d e  of about 18 km, where t h e  count ra te  w a s  

about 300 per  second. 

and consequently a t  which the dens i ty  measurement is  made, i s  c a l c u l a t e d  

t o  be  roughly 1 cm out  from t h e  instrument .  The source  used w a s  4 mC 
p,147 

r a d i a t i o n  source would have t o  be  10 times as i n t e n s e ,  o r  a 400 c u r i e  

source.  A source of t h i s  s t r eng th  i s ,  of course ,  too  d i f f i c u l t  t o  

handle  i n  t h e  present  app l i ca t ion .  A t  70 km t he  e f f e c t i v e  range would 

The point  where t h e  p a r t i c l e s  are backsca t t e red ,  

. I n  order  t o  ob ta in  the same count r a t e  a t  70 lm a l t i t u d e  t h e  
5 
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s t i l l  be about 1 cent imeter .  The reason f o r  t h i s  s m a l l  range i s  t h a t  

t h e  events  decrease going away from t h e  source by t h e  r e c i p r o c a l  of 

t h e  square of t he  range ,  as does t h e  s o l i d  angle  back t o  t h e  de t ec to r .  

However, the amount of a i r  causing the  s c a t t e r i n g  inc reases  as t h e  

range s o  tha t  the  e f f e c t i v e  pene t r a t ion  of t he  s y s t e m  as a d e n s i t y  

measuring instrument a c t u a l l y  f a l l s  o f f  as  ( range)-3,  and t h e  e f f ec -  

t i v e  range i s  es t imated  t o  be about one cent imeter .  

Figure 29 is  a graph of count r a t e  ve r sus  d e n s i t y  and a l t i -  

tude  f o r  two source i n t e n s i t i e s ,  one 4 m i l l i c u r i e  and t h e  o the r  40 
m i l l i c u r i e s .  To show t h e  extremes of count r a t e  t h a t  might be  encountered,  

d a t a  a r e  presented f o r  t h e  f r e e  a i r  d e n s i t y  and t h e  s t a g n a t i o n  dens i ty .  

I f  t he  backsca t te r  occurred i n  t h e  f r e e  a i r  t h e  s o l i d  curve would apply.  

I f  t he  backsca t te r  instrument w e r e  placed i n s i d e  a p i t o t  tube  t h e  dashed 

curve would apply.  

The sma l l e s t  count r a t e  t h a t  can be monitored and s t i l l  g ive  

t h e  d e s i r e d  r e s o l u t i o n  i n  an ope ra t iona l  s i t u a t i o n  i s  deemed t o  be  100 

per  second. Thus, t h i s  technique appears t o  be  l i m i t e d  t o  a l t i t u d e s  

below 45 t o  65 km. 

An a lpha  source w i l l  y i e l d  a backsca t t e r  count r a t e  1.48 t i m e s  

those  shown i n  Fig. 29 .  With t h i s  source t h e  maximum a l t i t u d e  would be  

increased  t o  from 57  t o  90 km. 
To v e r i f y  t h e  r e s u l t s  of t h i s  gene ra l  a n a l y s i s  another  a n a l y s i s  

w a s  made of a s p e c i f i c  gamma ray  device being developed under t h e  spon- 

s o r s h i p  of NASA, Langley F ie ld .  It i s  discussed i n  Ref. 39.  

I n  o rder  t o  achieve s u f f i c i e n t  s t a t i s t i c a l  accuracy wi th  a 

backsca t t e r  device t h e  t o t a l  counts must exceed t h e  quan t i ty :  

where Co = count r a t e  a t  zero dens i ty  

Ch = count ra te  a t  a l t i t u d e  
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The r e s i d u a l  count ra te  a t  zero  dens i ty  w a s  r e p o r t e d  t o  be  50,000 cpm. 

According t o  d a t a  presented  i n  Ref. 3 9 ,  a t  an a l t i t u d e  of  30 km, t h e  

count rate would b e  51,200 cpm; t h e r e f o r e ,  t o  achieve  s t a t i s t i c a l  

accuracy the  t o t a l  number of counts  must exceed 1600 and t h e  count ing  

du ra t ion  must be  1.8 sec .  During t h i s  i n t e r v a l  a launch v e h i c l e  would 

r i s e  around two ki lometers .  A t  an a l t i t u d e  of 40 km t h e  minimum num- 

ber  of counts must be 2 x l o 4 ,  which r e q u i r e s  a 24-second count ing  

dura t ion .  This would g ive  an average d e n s i t y  over an a l t i t u d e  i n t e r -  

v a l  of 32 km. Such gross  r e s o l u t i o n  would not  be s a t i s f a c t o r y .  I n  

t h i s  c a s e  the c e i l i n g  appears  t o  be 30 t o  40 km. Our conclus ion  i s  

t h a t  backsca t t e r  techniques t h a t  employ a r a d i o a c t i v e  source  are  not  

a p p l i c a b l e  to  t h e  a l t i t u d e  regime under c o n s i d e r a t i o n ,  and t h a t  tech-  

niques t h a t  e x p l o i t  l a r g e r  backsca t t e r  c r o s s  s e c t i o n s  are r equ i r ed  f o r  

t h e s e  a l t i t u d e s .  

5 .5  X-Ray Density Gage 

A l a r g e r  backsca t t e r  c r o s s  s e c t i o n  can  b e  obta ined  by us ing  

an x-ray source r a t h e r  than a b e t a  o r  gamma source .  Consequently,  t h e  

x-ray a i r  dens i ty  gage which i s  being developed by NASA-Langley w a s  

i nves t iga t ed .  M r .  Henry G. Re ich le ,  J r . ,  Cognizant Engineer ,  IRD 
Instrument  Physics Research Sec t ion ,  w a s  con tac t ed .  He advised  u s  t h a t  

t h i s  device i s  being developed f o r  u s e  aboard an e n t r y  v e h i c l e .  It re l ies  

on t h e  l a rge  angle  Compton-scattering of low energy x-rays.  For t h e  

i n i t i a l  tes t  they are us ing  a 40 t o  50 c u r i e  r a d i o i s o t o p e  source ,  and i n  

t h e  f u t u r e  they w i l l  s h i f t  t o  an x-ray tube .  The p e n e t r a t i o n  d i s t a n c e  

i s  1 t o  1 .5  f e e t .  

It is t h e  opin ion  of M r .  Re ich le  t h a t  i n  i t s  p resen t  form, 

t h e  instrument is not  s u i t a b l e  f o r  t h e  c u r r e n t  a p p l i c a t i o n .  This  i s  i n  

l i n e  w i t h  our experience when s tudying  b a c k s c a t t e r  techniques t h a t  i f  

a pene t r a t ion  d i s t a n c e  g r e a t  enough t o  reach  o u t s i d e  t h e  shock l aye r  is  

r equ i r ed  they a l l  l ack  s u f f i c i e n t  a l t i t u d e  c a p a b i l i t y .  However, t h e  

development of backsca t t e r  techniques should be  followed c a r e f u l l y  , f o r  

i n  gene ra l  they possess  t h e  q u a l i t i e s  of accuracy and compactness. 
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5.6 I o n i z a t i o n  Gage 

In t h e  continuum flow reg ion  dens i ty  is not u sua l ly  measured. 

The gages a r e  c a l i b r a t e d  i n  terms of p re s su re  and dens i ty  is  ca l cu la t ed .  

I n  the  s l i p  and f r e e  molecule regime dens i ty  i s  measured d i r e c t l y  by 

one of t h e  i o n i z a t i o n  gages l i s t e d  i n  t h e  Pressure  Transducers shee t  of 

t h e  t a b l e  i n  Sec t ion  4. 
i n  p re s su re  o r  dens i ty .  

Actual ly  these  gages can  be c a l i b r a t e d  e i t h e r  

Ambient dens i ty  could be measured by means of  s t a t i c  p re s su re  

p o r t s  loca ted  i n  a c y l i n d r i c a l  probe o r  p i t o t  tube as depic ted  i n  Fig.  30. 

The exac t  d i s t ance  of t h e  por t s  from t h e  probe t i p  is determined by 

c a r e f u l  wind tunnel  tes ts  t o  f ind  t h e  po in t  on t h e  probe where t h e  su r -  

f a c e  p re s su re ldens i ty  has re laxed  t o  t h e  ambient p re s su re ldens i ty .  

a l t e r n a t i v e  l o c a t i o n ,  and one t h a t  avoids  t h e  problem of a hea ted  bound- 

a r y  l a y e r ,  i s  t o  l o c a t e  an ion iza t ion  gage c a l i b r a t e d  i n  terms of dens i ty  

behind t h e  impact pressure  port  of F i g .  30. This l o c a t i o n  takes  advan- 

t age  of t he  ram effect and allows a given gage t o  be used t o  higher a l t i -  

tudes.  

An 

There is no p o i n t  i n  going i n t o  t h e  design d e t a i l s  of dens i ty  

i o n i z a t i o n  gages here .  

nomical rocke ts  and widely repor ted  i n  t h e  l i t e r a t u r e  the  reader  is  

r e f e r r e d  to(Refs .  13, 40 ,  and 41) 

They have been ex tens ive ly  used aboard aero-  
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6 .  PRESSURE 
There appears t o  be no p r a c t i c a b l e  device o r  technique which can 

measure’the p re s su re  of t h e  atmosphere a t  a remote po in t .  

The b e s t  method t o  determine t h e  p re s su re  of t h e  f r e e  atmosphere 

d i r e c t l y  i s  deemed t o  c a l c u l a t e  i t  from a measurement of t h e  dens i ty  

p r o f i l e  o r  t o  measure it d i r e c t l y  wi th  a p i t o t  s t a t i c  tube mounted on 

t h e  nose t i p .  

6 . 1  P i t o t - s t a t i c  Probe 

The P i t o t - s t a t i c  instruments have been used i n  s e v e r a l  forms 

t o  secure  da t a  i n  t h e  mesosphere and thermosphere. 

can  be a cone such as discussed by La Gow, e t  a l ,  i n  Ref. 42 or  a 

cy l inde r  such as discussed by Ainsworth, e t  a l . ,  i n  Ref. 23. There has 

been some controversy whether a convent ional  P i t o t - s t a t i c  device would 

be accu ra t e  i n  s l i p  and f r e e  molecule flow. 

of h i s  o r i g i n a l  work on an approximate theory (Ref. 43 and 44) have 

increased  confidence i n  t h e  use of t he  P i t o t - s t a t i c  probe a t  f r e e  

molecule flow a l t i t u d e s .  

The conf igu ra t ion  

Recent ex tens ions  by Liu 

There i s  no need t o  go i n t o  d e t a i l  on the  p r i n c i p l e  of oper- 

a t i o n  of p i t o t  tube here .  For d e t a i l s  t h e  reader  is  r e f e r r e d  t o  Ref. 

23 f o r  c y l i n d r i c a l  p i t o t  tubes and t o  Refs. 9 and 45 €or cones. The 

c y l i n d r i c a l  conf igu ra t ion  s i m i l a r  t o  t h e  one depic ted  i n  Fig.  30 is 

most commonly used and t h i s  t y p e  is recommended. 

Both diaphragm and ion iza t ion  gages have been used wi th  

P i t o t - s t a t i c  tubes t o  measure pressure .  I o n i z a t i o n  gages,  such as t h e  

Alphatron which employs a r a d i o a c t i v e  source ,  are  capable  of p r e c i s e  

measurements between 30 and 100 km. However, t h e  type of  i o n i z a t i o n  

gage b e s t  s u i t e d  t o  t h i s  i n t e r v a l  ( R e f .  9 )  a r e  very s e n s i t i v e  t o  t h e  

chemical composition of t h e  air .  Outgassing,  upper s t a g e  f u e l  tank 
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vent ing  o r  exhaust plume entrainment could contaminate  t h e  a i r  and 

r e q u i r e  t h e  u s e  of a mass spectrometer  t o  determine t h e  molecular 

weight of the a i r .  On the  o ther  hand, diaphragm gages are i n s e n s i t i v e  

t o  the  chemical composition of t h e  gas being measured. 

s epa ra t e  diaphragm gages would be r equ i r ed  i n  o rde r  t o  g e t  t h e  d e s i r e d  

response over t he  dynamic range t h a t  would-be encountered. 

gages are the more widely used and a r e  recommended f o r  t h i s  app l i ca -  

t i on .  

Two o r  t h r e e  

Diaphragm 

The Range Development Support D i r e c t o r a t e  a t  t h e  P a c i f i c  

Missile Range c u r r e n t l y  is sponsoring t h e  development of a P i t o t - s t a t i c  

tube  f o r  use aboard t h e  boosted Arcas t o  about 110 la. J.  Masterson 

of PMR has ind ica ted  i n  p r i v a t e  communications wi th  t h e  au thor  t h a t  

t he  p i t o t  t u b e  i s  of convent ional  supersonic  des ign  and uses  diaphragm- 

type pressure  sensors .  This development program should be  watched wi th  

i n t e r e s t ,  because t h i s  device would be d i r e c t l y  a p p l i c a b l e  t o  t h e  p re sen t  

case .  

6.2 Hypsometer 

For the  a l t i t u d e s  below 60 km, p re s su re  b e s t  can be measured 

wi th  a descent-type hypsometer. Hypsometers have been used f o r  years  

w i th  bdlloons and r e c e n t l y  Bendix has r epor t ed  success  wi th  a v e r s i o n  

f o r  use lwi th  t h e  AN/DMQ-6 rocketsonde and t h e  Arcas sounding rocket .  

This d&ice is.' discussed i n  R e f .  6. 

ThG hypsometer i s  a widely known device  and t h e r e f o r e  i t  i s  

n o t  necessary t o  d i s c u s s  i t  i n  d e t a i l  here .  It ope ra t e s  on t h e  basis 

t h a t  t he  temperature of a b o i l i n g  l i q u i d ,  such as S a f r o l e ,  i s  dependent 

upon t h e  pressure on t h e  s u r f a c e  of t he  l i q u i d .  The r e l a t i o n  between 

t h e  b o i l i n g  point  and the  pressure  i s  g iven  by the  Clapeyron-Clausius 

equat ion:  

\ 
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The pressure  measurement becomes inc reas ing ly  accu ra t e  wi th  

a l t i t u d e  and t h e  temperature  measurement i s  r e a d i l y  compatible wi th  

s tandard  radiosonde t r ansmi t t e r s  and r ece ive r s .  

Reference 6 quotes es t imates  of e r r o r  by t h e  manufacturer 

as f5 percent  a t  an  a l t i t u d e  of 60 km or  so and f l  percent  a t  45 lan. 

Problem areas are t h e  necess i ty  of c a r e f u l l y  c o n t r o l l i n g  t h e  amount 

of hea t  added t o  b o i l  t h e  l i q u i d  as i t  d e s c e n d q t o  prevent  superheat-  

ing  t h e  l iquid,and t h e  proper ven t ing  of t he  sensor  as t h e  parachute  

o s c i l l a t e s .  The f i r s t  hypsometer f l i g h t s  w e r e  made i n  1962 and t h e  

device appeared t o  surv ive  the launch and deployment a c c e l e r a t i o n s  

and t o  func t ion  s a t i s f a c t o r i l y .  For more information,  t h e  reader  is 

r e f e r r e d  a l s o  t o  Ref. 4 .  

Thus, t h e  descent  hypsometer appears t o  be  s a t i s f a c t o r y  f o r  

u se  aboard a l a r g e  launch v e h i c l e  i f  dropsonde-type ins t rumenta t ion  

is contemplated. 

6 .3  Risesonde 

A technique t h a t  a p p e a r s  t o  have cons iderable  promise i s  one 

wherein an instrument package is j e t t i s o n e d  from t h e  v e h i c l e  and rises 

wi th  it. The package would have s u f f i c i e n t  momentum t h a t  it would r i se  

roughly p a r a l l e l  t o  t he  f l i g h t  pa th  of t h e  launch v e h i c l e  f o r  some d i s -  

tance  be fo re  f a l l i n g  back. I f  a number of t hese  r i sesondes  were j e t t i -  

soned along the  f l i g h t  pa th  a r a t h e r  complete p i c t u r e  of t h e  nearby 

atmosphere could be obtained.  On t h e  o ther  hand, dropping a s i n g l e  

instrument as is  u s u a l l y  done would provide a sounding which, except  

f o r  t he  f i r s t  k i lometer ,  is a cons iderable  d i s t a n c e  from t h e  a c t u a l  

f l i g h t  path.  

The r i sesonde  f o r  t h e  r eg ion  above 85 km could be s imilar  t o  

t h e  one developed by t h e  Universi ty  of Michigan and descr ibed  in Ref. 4 6 .  

The Univers i ty  c u r r e n t l y  is t e s t i n g  a dropsonde which i s  

c y l i n d r i c a l ,  6 inches i n  diameter and about 2 f e e t  long. It weighs 20 

t o  35 pounds and conta ins  instruments such as an i o n i z a t i o n  gage,  an  
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omegatron, and a plasma probe. The c o s t  i s  around $30,000: $10,000 

each f o r  hardware, e l e c t r o n i c s ,  and l abor .  They have had t h r e e  suc- 

c e s s f u l  f l i g h t s  r e c e n t l y .  

The p res su re  sensor  i s  a WX-4520 Bayard-Alpert i o n i z a t i o n  

gage. 
and s a t e l l i t e  use .  A f l u c t u a t i n g  p res su re  i s  provided by sp inning  t h e  

package so the p re s su re  gage is  a l t e r n a t e l y  exposed t o  s t a g n a t i o n  

p res su re  and base  pressure .  Free  a i r  ambient p re s su re  is  t h e  p r e s s u r e  

measured 90 degrees from t h e  peak ( s t agna t ion )  p re s su re .  A second 

p res su re  gage is  loca ted  90 degrees  from the f i r s t  t o  determine t h e  

a t t i t u d e  of the  sensor  package. A t r a n s i s t o r i z e d  mul t i r ange  e l ec -  

t rometer  ampl i f i e r  and a Vector TRPT-250-R, 1/3 w a t t ,  a l l  t r a n s i s -  

t o r i z e d  FM-FM te lemet ry  t r a n s m i t t e r  a l s o  are  proposed f o r  t h e  payload 

package. Free stream dens i ty  i s  c a l c u l a t e d  from t h e  expres s ion  

It i s  a small ruggedized gage e s p e c i a l l y  designed f o r  rocke t  

APi 

u i ^ J ; ; w x  
- 

p, - - b +  

+ 
i 

where x i s  the u n i t  vec to r  normal t o  t h e  p lane  of t h e  o r i f i c e  and Ap 

i s  t h e  change i n  measured p res su re  due t o  package r o t a t i o n .  

The one f a t a l  drawback wi th  t h i s  technique  i n  t h e  p re sen t  

i n s t ance  i s  t h a t  an u n s t a b i l i z e d  instrument  can b e  used only i n  f r e e  

molecule flow. This  l i m i t s  i t s  use fu lness  t o  a l t i t u d e s  above 85 km. 

I n  t h e  a l t i t u d e  i n t e r v a l  between 30 and 85 km t h e  package would have 

t o  be s t a b i l i z e d  so  t h e  sensor  p o r t s  would be a t  a known and cons t an t  

ang le  of a t t a c k .  This  requirement would n e c e s s i t a t e  a much too  com- 

p l ex  and expens ive  package . 
Thus , t he  r i s e sonde  concept appears  t o  b e  i n a p p l i c a b l e  t o  

t h e  a l t i t u d e  range under cons ide ra t ion .  

6 .4  Radioact ive Gas Puf f s  

One technique t h a t  w a s  i n v e s t i g a t e d  b r i e f l y  was t o  e j e c t  

p u f f s  of r a d i o a c t i v e  gas  i n t o  t h e  f r e e  stream ahead of t h e  v e h i c l e  nose 

t i p .  The pressure and dens i ty  t h e  gas c loud would accommodate i t s e l f  
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t o  t h e  pressure  of t h e  f r e e  a i r .  Monitors could be loca ted  a f t  on t h e  

v e h i c l e  t o  measure t h e  concent ra t ion  of t he  r a d i o a c t i v e  cloud a f t e r  it 

had come i n t o  equi l ibr ium w i t h  t h e  atmosphere. The concen t r a t ion  of 

t h e  cloud would be a measure of t h e  pressure .  

u n f e a s i b l e ,  however, because of unce r t a in ty  of t h e  accomodat ion  char- 

a c t e r i s t i c s  of the  gas c loud and t h e  h igh  level of r a d i o  a c t i v i t y  t h a t  

would be requi red .  

This  technique wa6 deemed 

6.5 Ca lcu la t ion  

As i s  discussed i n  Sec t ion  7 . 5  temperature can be  c a l c u l a t e d  

from a dens i ty  p r o f i l e  by means of t h e  fol lowing expression:  

Pressure  then  can be  ca l cu la t ed  from t h e  temperature p r o f i l e  by means 

of t h e  p e r f e c t  gas l aw.  

p = P R T  
M 

Above 90 km t h e  mean molecular weight no longer i s  cons t an t  

and the  s i g n i f i c a n t  parameter becomes t h e  molecular s c a l e  temperature  

which is  def ined as 

molecular s c a l e  temperature can be  c a l c u l a t e d  from t h e  dens i ty  by means 

of t h e  following expressions (Ref. 5 ) .  

= T ( f i o / i ) .  (Ref. 1). I n  t h i s  i n t e r v a l  t h e  

(43) 

2 1 TM d 1nP = - - 
2 dH 

dH2 TM 
c 44) 

RT where H = -  
& 

(45) 
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Neither  of these equat ions can be so lved  e x p l i c i t l y  f o r  T m o r  dTm/dH 

and numerical methods, such as those  descr ibed  on p. 11 of Ref. 5 ,  

must be  employed. 

express  ion and i t s  d e r i v a t i v e  : 

Pressure  can be  c a l c u l a t e d  from t h e  fo l lowing  

- F  - =  d 1nP - 
TM d H  

To c a r r y  ou t  t h e  c a l c u l a t i o n  t h e  equat ion  i s  i n t e g r a t e d  upward 

from t h e  re ference  l e v e l  a t  30 1x1 w i th  a known i n i t i a l  va lue  of p re s su re .  

It w i l l  be  necessary t o  o b t a i n  an i n i t i a l  v a l u e  of P a t  30 km from 

overlapping radiosonde d a t a ,  o r ,  l ack ing  th i s  , from t h e  b e s t  a v a i l a b l e  

e s t ima te  from t h e  synopt ic  upper a i r  da t a .  

0 

Pressure  u s u a l l y  is  c a l c u l a t e d  from temperature  measurements, 

s i n c e  temperature i s  most r e a d i l y  measured wi th  rocketsondes.  However, 

t h e  c a l c u l a t i o n  technique and the  sources  of  e r r o r  are  t h e  same regard-  

less of whether temperature  o r  dens i ty  is  measured. The fo l lowing  d i s -  

cuss ion  of c a l c u l a t i o n  e r r o r  has. been a b s t r a c t e d  from Ref. 6 t o  p o i n t  

up t h e  problems t h a t  w i l l  be encountered. This  d i s c u s s i o n  a c t u a l l y  con- 

ce rns  t h e  c a l c u l a t i o n  of p re s su re  from temperature  r a t h e r  than  d e n s i t y ,  

bu t  it i s  i l l umina t ing  nonethe less .  E r r o r s  from a cons t an t  v a l u e  of R 

are  unimportant a t  a l t i t u d e s  below about 200,000 f e e t  where d i s s o c i a t i o n  

beg ins ,  as long a s  t h e  presence of water vapor i s  c o r r e c t e d  by conver t -  

i n g  t h e  temperature t o  v i r t u a l  temperature  according t o  Ref. 47. V i r t u a l  

temperature  is  a f a m i l i a r  meteoro logica l  parameter and i s  def ined  a s  t h e  

temperature  of dry a i r  having t h e  same dens i ty  and p res su re  as t h e  moist  

a i r .  Mathematically , v i r t u a l  temperature  T i s  approximated by 
V 

Tv = (1 + 0 . 6 1  q)T (47)  

where T i s  ambient temperature  and q i s  ambient s p e c i f i c  humidity.  

Reference 47 a l s o  shows t h a t  t h e  assumption of a cons t an t  

va lue  f o r  t h e  g r a v i t a t i o n a l  c o n s t a n t ,  g ,  can cause  e r r o r s  of 1 t o  2 per- 

c e n t  between 30 and 60 km, bu t  he po in t s  ou t  t h a t  c o r r e c t i o n s  f o r  t h i s  

e r r o r  are r e a d i l y  made. 
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For rocketsonde c a l c u l a t i o n s  Ref. 47 shows t h a t  e r r o r s  i n  

temperature  and base  l e v e l  pressure  can be  combined i n t o  a r e s u l t i n g  

t o t a l  p ressure  e r r o r  a t  a height  Z i n  t h e  fol lowing expression:  1 

L 
€ 

T - 1  

A t y p i c a l  example can show t h e  magnitude of these  e r r o r s .  If 
it i s  assumed (1) t h a t  t h e  base level p re s su re  a t  25 km is 30 nrb, 

(2) t h a t  t h i s  may have a 0 -  5 mb e r r o r  , (3) t h a t  t h e  mean temperature  

e r r o r  i s  2 pe rcen t ,  and ( 4 )  t ha t  t he  p re s su re  e r r o r  is wanted when t h e  

c a l c u l a t e d  pressure  is  1 m b ,  the equat ion becomes 

0.02 
-1 = 0.09 E 30.5 30.5 P 

P 30 1 
- = -  - 

o r  a 9 percent  e r r o r  i n  pressure.  P u t t i n g  t h i s  9 percent  p re s su re  e r r o r  

and t h e  2 percent  temperature e r r o r  i n t o  t h e  dens i ty  c a l c u l a t i o n  r e s u l t s  

i n  a 7 percent  e r r o r  i n  t h e  ca l cu la t ed  dens i ty  a t  t h e  1 mb level. 

It can  be seen fromEq. 48 t h a t  t he  e r r o r  r e s u l t i n g  front a n  

erroneous i n i t i a l  p ressure  value increases  wi th  d i s t ance  away from t h e  

level. Thus, t h e  c a l c u l a t i o n  of accu ra t e  p re s su re  and temperature d a t a  

from an accu ra t e  dens i ty  p r o f i l e  appears t o  be f e a s i b l e .  
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7 .  TEMPERATURE 

A number of measurement techniques have been suggested for u s e  

aboard sounding rockets  , bu t  temperature r a r e l y  has  been measured 

d i r e c t l y  except wi th  a dropsonde. 

show the  g rea t e s t  promise of meeting t h e  requirements  of a l a r g e  

launch veh ic l e  a r e  evaluated here .  

Severa l  of t h e s e  techniques which 

The t o t a l  temperature tube d iscussed  i n  Sec t ion  7 . 1  i s  deemed 

the  b e s t  choice f o r  d i r e c t  measurement. It must be  loca t ed  on t h e  

nose t i p  and can be  used wi th  confidence only i n  continuum flow. How- 

eve r ,  a l l  temperature techniques except c a l c u l a t i o n  from t h e  dens i ty  

p r o f i l e ,  have these  same shortcomings. The t o t a l  temperature tube a t  

l e a s t  has the advantage of being a commonly used instrument .  

7 . 1  T o t a l  Temperature Tube 

T o t a l  temperature tubes have been used wi th  success  on a i r -  

planes and in  wind tunnels .  Reference 48 r e p o r t s  t h a t  two were suc- 

c e s s f u l l y  flown on Sa turn  SA-4. The problem wi th  the  use  of t h i s  

technique i s  t h a t  i n  r a r e f i e d  a i r  i t  i s  d i f f i c u l t  t o  achieve a con- 

s t a n t  va lue  of the  recovery f a c t o r .  Not only are the  a i r  molecules 

brought t o  res t  and t h e i r  energy absorbed i n  hea t ing  t h e  s e n s o r ,  b u t  

a d d i t i o n a l  high-energy, high-speed molecules s t r i k e  t h e  sensor .  I f  a 

s u f f i c i e n t  number do t h i s  t h e  recovery f a c t o r  becomes unce r t a in  and 

has been known t o  r ise as h igh  as 1 . 2 .  

I n  s p i t e  of t hese  d i f f i c u l t i e s ,  a well-designed t o t a l  tem- 

pe ra tu re  tube i s  deemed t o  be t h e  most promising instrument f o r  t h e  

onboard measurement of temperature.  

7 . 2  Acoustic Meter 

It is  poss ib l e  t o  u t i l i z e  a measurement of t h e  speed of 

sound waves t o  determine t h e  ambient a i r  temperature.  This is  due t o  
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I 
t h e  well-known p ropor t iona l i t y  of t h e  speed of sound t o  t h e  square  

r o o t  of t h e  abso lu te  temperature of a gaseous medium, when t h e  r a t i o  

of s p e c i f i c  h e a t s  and t h e  molecular weight a r e  cons tan t .  

because of t h e  high speed of  the v e h i c l e  i n  t h e  p re sen t  case, t h e  

measurement of t h e  speed of  sound must be made i n  such a way t h a t  

e i t h e r  t h e  a i r  v e l o c i t y  is known o r  i t  does not  e n t e r  i n t o  t h e  equa- 

t i o n s  used for reducing t h e  data.  

However, 

The most p r a c t i c a l  technique is  t o  use an emitter and a 

receiver t h a t  are separa ted  from each o the r  as i n  Fig.  31. The two 

components would have t o  be  far  enough a p a r t  t h a t  t h e  th ickness  of 

t h e  hot  boundary l aye r  is small compared t o  t h e  sepa ra t ion  d i s t a n c e ,  

L. 
l imi t ed  by t h e  increas ing  e f f e c t  of t h e  forward speed of t h e  v e h i c l e  

upon t h e  r e s u l t a n t  d i r e c t i o n  of t he  sound waves. 

However, t h e  d i s t ance  by which t h e  two may b e  separa ted  w i l l  be  

Reference 49 descr ibes  an a i r c r a f t  device which involves  

t h e  use  of two booms placed severa l  inches a p a r t  and p r o j e c t i n g  ahead 

of t h e  veh ic l e .  These booms a r e - i n  t h e  form of s l ende r  half-wedges 

wi th  t h e  i n s i d e  su r faces  a l igned p a r a l l e l  t o  t he  oncoming stream i n  

o rde r  t o  achieve a very  weak shock and a minimum of r o t a t i o n a l  flow 

between t h e  t r a n s m i t t e r  and rece iver  booms. A s  is  i l l u s t r a t e d  i n  

Fig.  31 , t h e  longer boomwould c a r r y  t h e  emi t t e r  and the  s h o r t e r  t h e  

r e c e i v e r .  

In one conf igura t ion  t h e  e m i t t e r  boom can be  extended or  

r e t r a c t e d  and t h e  r ece ive r  i s  f ixed .  Temperature would be  determined 

by t h e  t r a n s i t  time requ i r ed  for  the  sound wave t o  t r a v e l  t h e  d i s -  

t ance  from t h e  emitter boom t o  t h e  r ece ive r  boom. 

4- = a = L / t  (49) 

t is t h e  t i m e  requi red  f o r  t h e  sound t o  g o  from t h e  e m i t t e r  t o  t h e  

r e c e i v e r  booms. Another vers ion  of t he  conf igu ra t ion  shown i n  Fig.  31 

has mul t ip l e  emitters along the longer  boom. Some por t ion  of  t h e  

sound-wave envelope w i l l  encounter t h e  r ece ive r  r ega rd le s s  of t h e  

forward ve  loc i t y  . 
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Mul t ip l e  e m i t t e r s  on a s i n g l e  boom are a r a t h e r  formidable 

A type of continuous e m i t t e r  would be h ighly  des i r ab le .  A problem. 

suggested a l t e r n a t i v e  i s  a s e r i e s  of ho les  a long t h e  length of t h e  

boom. 

would form a wave f r o n t  t r ave l ing  a t  t he  speed of  sound, under proper 

condi t ions .  

Weak shock waves emitted s imultaneously from a l l  of t h e s e  holes  

The time-measuring c i r c u i t  could be  so cons t ruc ted  as t o  be 

active only between the  emission of a s i g n a l  and t h e  a r r i v a l  of t h e  

envelope f r o n t  a t  t h e  rece iver .  Thus, any secondary sound waves due 

t o  extraneous no i se  w i l l  no t  a f f e c t  t he  t i m e  c i r c u i t .  For a one-foot 

s epa ra t ion  between t h e  two booms, an  average t r a v e r s i n g  t i m e  of approx- 

imately 1 x 10 sec  w i l l  b e  requi red .  An estimate of t h e  t i m e  response 

r equ i r ed  f o r  an al lowable e r r o r  of 0.5OC w a s  made i n  Ref. 49 , and 

it w a s  found t o  be about one microsecond. This response t i m e  r equ i r e -  

ment does not  i n  i t s e l f  present  any s e r i o u s  b a r r i e r .  

-3  

For a launch veh ic l e  f l y i n g  between Mach t h r e e  and f i v e  t h e  

booms would have t o  be rugged i n . o r d e r  t o  wi ths tand  t h e  b u f f e t i n g  of 

t h e  impinging a i r  stream and v e h i c l e  v i b r a t i o n .  The leading edges must 

be  sharp  so t h a t  t he  shock wave on t h e  s i d e  on which the  emi t t e r  o r  

r ece ive r  is placed i s  weak and causes  no temperature jump. On the  o the r  

hand, t h e  t h i n  boom t i p  ma te r i a l  must be a b l e  t o  wi ths tand  a temperature  

which w i l l  approach 12OO0C. 

upstream of the  t r a n s m i t t e r  and r ece ive r  cannot be reduced e f f e c t i v e l y  

t o  zero ,  or  t o  a p r e d i c t a b l e  magnitude, i t  w i l l  be  very  d i f f i c u l t  t o  

accu ra t e ly  convert  l o c a l  temperature measurements i n t o  f r e e  stream t e m -  

pe ra tu re s .  

I f  t h e  s t r e n g t h  o r  angle  of t h e  shock wave 

Techniques u t i l i z i n g  c l o s e l y  spaced r e sona to r s  such as t h e  

Sonotherm discussed i n  R e f .  50 are no t  f e a s i b l e ,  because a t  h igh  a l t i -  

tudes t h e  high parer  requi red  hea t s  t h e  a i r  i n  t h e  confined space and 

t h e  boundary l aye r  th ickness  is on t h e  order  of t h e  p l a t e  spacing. Thus, 

t h e  boom mounted emi t te r - rece iver  technique a p p e a r s  t o  be  t h e  one which 

b e s t  meets t h e  system requirements.  
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7.3 Res i s  t anc e Thermometer 

The Univers i ty  of Minnesota i n  t h e i r  experimental  work have 

made simulated thermis tors  by coa t ing  wi re s .  Some of t h e  o l d e r  rad io-  

sondes used r e s i s t a n c e  w i r e  elements.  The Russ ian ' s  Cen t ra l  Aeronau- 

t i c a l  Divis ion has had repea ted  success  up t o  75 km, us ing  tungs ten  

wire  r e s i s t a n c e  elements mounted on a MR-1 rocke t  (Ref.  10). 

The temperature of t h e  f r e e  atmosphere i s  c a l c u l a t e d  from 

t h e  temperature measured by a thermometer p laced  l o n g i t u d i n a l l y  

i n  the  flow-around cu r ren t  of air  by means of Izakov ' s  formula. This  

formula r e l a t e s  ambient temperature t o  parameters such as rocke t  speed,  

dens i ty  and heat conduct iv i ty  of t h e  thermometer m a t e r i a l ;  hea t  exchange 

f a c t o r ;  thermal recovery c o e f f i c i e n t ;  e t c .  The tungs ten  f i lament  has a 

diameter of 40 microns and length  of 30 cen t ime te r s ,  thanks t o  which t h e  

thermal i n e r t i a  is lowered. The hea t  exchange through t h e  thermometer 

suppor ts  and t h e  r a d i a t i o n  hea t  input  from sources  e x t e r n a l  t o  t h e  

rocke t  a r e  a l s o  deemed t o  be low by t h e  Russians.  

Error i n  the  measurement of atmospheric temperature  by t h e  

method descr ibed increases  wi th  a l t i t u d e .  The mean-square e r r o r  on a 

sepa ra t e  measurement a t  an a l t i t u d e  of 40 km is not  more than  5 degrees ;  

a t  50 km i t  amounts t o  10 degrees and a t  70 t o  80 Icm i t  i s  20 degrees 

(Ref. 10) .  A c e r t a i n  increase  i n  accuracy can be achieved by breaking 

up the  measurements (over s m a l l  a l t i t u d e  i n t e r v a l s )  and by t h e  exc lus ion  

of extreme values .  

Further s t u d i e s  a r e  i n  order  on t h e  uses  of r e s i s t a n c e  w i r e  

elements.  They a r e  v e r s a t i l e  i n  t h a t  they can be mounted o r  wound i n t o  

many conf igura t ions .  The d i s s i p a t i o n  cons t an t  of t h e s e  elements could 

be h igh ,  time cons t an t s  low, and e x c e l l e n t  r a d i a t i o n  c h a r a c t e r i s t i c s  

a l s o  could be achieved by t h e  proper s e l e c t i o n  of w i r e  or  s u i t a b l e  

coa t ings .  The r e p r o d u c i b i l i t y  of one element t o  another  could be b e t t e r ,  

both from an e l e c t r i c a l  and phys ica l  viewpoint,  than the rmis to r s ;  prob- 

ab ly  malting the  use of i nd iv idua l  c a l i b r a t i o n  curves unnecessary.  
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7.4 Vortex Thermometer 

The use  of t h e  Hilsch e f f e c t  r e su l t ed  i n  the  development of 

t he  axial flow vortex thermometer which is  cu r ren t ly  employed on m e t e -  

o ro logica l  a i r c r a f t .  This thermometer has an e f f e c t i v e  recovery f a c t o r  

of zero, and, t he re fo re ,  indicates  t he  f r e e  a i r  temperature. However, 

t h i s  recovery f ac to r  does begin t o  increase  from zero a t  r e l a t i v e l y  low 

a l t i t u d e s ,  e .g .  15 km, and it cu r ren t ly  has a t i m e  constant  of 10 sec- 

onds. I ts  Mach number l imi t a t ion  does not cu r ren t ly  permit i t s  use  i n  

rockets  on ascent .  In  addi t ion t o  t h e  cur ren t  NRL developments ( f i r s t  

reported i n  Ref. 51), Amour-Research and Cornel1 Aeronautical  worked 

on t angen t i a l  flow vortex thermometers (Ref. 5 ) .  

Cornell  Aeronautical d id  a considerable  amount of work on the  

development of a sonic whis t le ,  another outgrowth of development on the  

Hilsch e f f o r t .  The resonant output frequency was a measurement of 

ambient f ree-a i r  temperature. Again, low d e n s i t i e s  and o ther  i n s t ru -  

mentation problems l i m i t  t he  usefulness of t h i s  device t o  a l t i t u d e s  

below those present ly  being considered. 

7.5 Calculat ion 

The one method of determining f r e e  a i r  temperature which 

appears t o  work a t  a l l  a l t i t u d e s  i s  t o  c a l c u l a t e  it from some parameter 

which i s  amenable t o  d i r e c t  measurement. Density i s  one such parameter. 

Calculat ion i s  fu r the r  discussed i n  Sec t ion  6.5.  

I f  t he  temperature,  g r a v i t a t i o n a l  f i e l d ,  and the  mean molecular 

weight of the  atmosphere are assumed t o  be constant  over the  s m a l l  he ight  

i n t e r v a l  from h t o  h then temperature can be ca l cu la t ed  from the  follow- 

ing w e 1  1 known equation 
1 2 
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An i n i t i a l  temperature must be  a v a i l a b l e  f o r  t h e  30 lan level 

i n  order  t o  s t a r t  t h e  i n t e g r a t i o n .  This  could  come from a r e c e n t  b a l -  

loon sounding o r  a 10 m i l l i b a r  upper a i r  c h a r t .  The v a l u e  of T2 would 

b e  s e n s i t i v e  t o  e r r o r s  i n  t h e  i n i t i a l  v a l u e s  o f  tempera ture ,  dens i ty  

and dens i ty  p r o f i l e .  As t h e  s tep-by-s tep  i n t e g r a t i o n  proceeds upward 

i t  becomes r e l a t i v e l y  i n s e n s i t i v e  t o  e r r o r  i n  t h e  l o c a l  d e n s i t y  p r o f i l e .  

(Ref.  23) .  The a l t i t u d e  should b e  a v a i l a b l e  from r a d a r  t r a c k  of t h e  

launch vehic le .  

of a i r  as a func t ion  of a l t i t u d e  are r e a d i l y  a v a i l a b l e  from Ref. 1. 

The a c c e l e r a t i o n  of g r a v i t y  and t h e  molecular  weight  

Theore t ica l ly ,  temperature a l s o  could  be c a l c u l a t e d  from pres-  

s u r e  measurements made wi th  t h e  F-16 Q-Ball. 

would b e  required.  

A s t a g n a t i o n  p res su re  p o r t  

Temperature would be  c a l c u l a t e d  from t h e  r e l a t i o n :  

However, s ince  the  Q - B a l l  i s  a b l u n t  r a t h e r  t han  a poin ted  cone, t h i s  

r e l a t i o n s h i p  must be  c o r r e c t e d  f o r  t h e  detached and curved shock t h a t  

a c t u a l l y  w i l l  e x i s t .  

tunnel  r e sea rch  program. 

This c o r r e c t i o n  probably would r e q u i r e  a wind 

7.6 Natural  Radia t ion  

The only method f o r  measuring t h e  f r e e - a i r  temperature  remotely 

t h a t  appeared t o  be  worth i n v e s t i g a t i n g  w a s  t h e  i n f r a r e d  r a d i a t i o n  

i n t e n s i t y  method. I n  c e r t a i n  bands where a gas  is  s t r o n g l y  abso rben t ,  

t h e  emission o f  t h e  gas w i l l  be equal  t o  t h a t  of a blackbody a t  t h e  

same temperature as t h e  gas .  S ince  t h e  blackbody r a d i a t i o n  can be  

d i r e c t l y  r e l a t e d  t o  a s p e c i f i c  tempera ture ,  t h e  gas  temperature  can b e  

a s c e r t a i n e d  by measuring t h e  thermal emission i n  an abso rp t ion  band. 

The range of a i r  temperature  of i n t e r e s t  is  200°K t o  300°K, 

where blackbodies  

30 microns.  The c o n s t i t u e n t s  of t h e  atmosphere which have abso rp t ion  

bands i n  t h i s  r eg ion  are  p r imar i ly  water vapor ,  carbon d ioxide  and ozone. 

emit p r imar i ly  i n  t h e  s p e c t r a l  r eg ion  between 5 and 
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Of t h e s e ,  carbon dioxide is m o s t  s u i t a b l e  because of i t s  uniform 

d i s t r i b u t i o n  throughout t h e  atmosphere both v e r t i c a l l y  and ho r i zon ta l ly .  

Within t h e  s p e c t r a l  range of i n t e r e s t ,  carbon d ioxide  absorp t ion  bands 

occur a t  4 .3  and 15 microns. The 15 micron band is p r e f e r a b l e  because 

it is  c l o s e r  than t h e  4.5 micron band t o  the  peak of t h e  blackbody 

curve. 

If t h e  t o t a l  r ad ian t  energy from a g iven  volume of space  is 

measured wi th  an  i n f r a r e d  radiometer t h e  average temperature of t h a t  

volume can  be determined. The a c t u a l  amount of energy t h a t  w i l l  b e  

de t ec t ed  by the  radiometer i s  expressed,  fo r  e s s e n t i a l l y  monochromatic 

r a d i a t i o n ,  by t h e  fol lowing func t iona l  r e l a t i o n s h i p  which i s  der ived  

on p. 12 of Ref. 52. 
d 

The t o t a l  r a d i a n t  energy which impinges a t  t h e  c o l l e c t o r  w i l l  

be  obta ined  upon i n t e g r a t i n g  Eq. 51  over a l l  t h e  volume w i t h i n  t h e  f i e l d  . 
of v i e w .  

I f  t he  composition of t h e  atmosphere, t h e  d e n s i t y ,  and t h e  

absorp t ion  c o e f f i c i e n t  a r e  known, then  Eq. 51  relates the  dependence of 

t h e  measured r a d i a n t  energy t o  t h e  s t a t i c  temperature of t h e  gas  w i t h i n  

t h e  f i e l d  of view. I f  t h e  temperature g rad ien t s  w i t h i n  t h a t  p o r t i o n  of 

t h e  f i e l d  of view which con t r ibu te s  s i g n i f i c a n t l y  t o  t h e  measured energy 

are s m a l l ,  t hen  the  i n t e n s i t y  of r a d i a n t  energy can  be  used as an ind i -  

rec t  measurement of t he  l o c a l  s t a t i c  temperature i n  t h e  forward f i e l d  of 

v i e w .  A r a d i a t i o n - s e n s i t i v e  instrument such as a photometer, t h e r e f o r e ,  

could be c a l i b r a t e d  as a temperature-measuring device.  

however, t h e  dependence of t h e  r a d i a t i o n  s t r e n g t h  a t  t h e  c o l l e c t o r  on 

t h e  dens i ty  f i e l d  i n  t h e  d i r e c t i o n  of view is a complicat ing f a c t o r .  

Fo r tuna te ly ,  however, a temperature-measuring device can  be  cons t ruc t ed  

which e f f e c t i v e l y  cance ls  ou t  t he  dens i ty  dependence through u t i l i z a t i o n  

of a n u l l  measuring technique involving t h e  measurement of t h e  d i f f e r -  

ence between t h e  energy d i r e c t  from t h e  atmosphere and t h e  energy modi- 

f i e d  by t ransmiss ion  through a tempera ture-cont ro l led  gas ce l l .  

I n  p r a c t i c e ,  
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I n  Ref. 52 Astheimer i n v e s t i g a t e d  t h e  pa th  lengths  us ing  a 

method of t r e a t i n g  t h i s  type of band abso rp t ion  developed by W. M. 
Elsasser. 

t he  square root  of t he  product of t h e  s p e c t r a l  absorp t ion  c o e f f i c i e n t  

and the  t o t a l  amount of absorber i n  t h e  path.  It w a s  found t h a t  i n  

The spectral absorp t ion  is given by t h e  e r r o r  func t ion  of 

o rde r  t o  achieve 90 percent  abso rp t ion  a t  an a l t i t u d e  of on ly  13 km, a 
path l eng th  of 250 meters w a s  requi red .  For 99 pe rcen t  abso rp t ion  t h e  

path length  increased t o  10,000 meters.  This  means i n  e f f e c t  t h a t  

t he  temperature c a l c u l a t e d  from Eq. 51 is  t h e  average over a column 

10 kilometers long. Whether or  not t h i s  temperature  i s  s u f f i c i e n t l y  

r ep resen ta t ive  of t h e  f r ee -a i r  temperature near  t h e  launch v e h i c l e  

r equ i r e s  some thought. One way i n  which t h e  r equ i r ed  pa th  l eng th  

could be  reduced i s  t o  use  f i l t e r s  wi th  narrower band passes .  

A major problem wi th  t h i s  technique w i l l  be temperature  

g rad ien t s  i n  t h e  boundary l aye r  and shock waves. The boundary l a y e r  

problem could be  circumvented by p l ac ing  t h e  a p e r t u r e  near  t h e  nose 

t i p ,  bu t  t h i s  would n e c e s s i t a t e  .looking through s t r o n g ,  ho t  shock waves. 

The d iscuss ion  of t h i s  technique i n  Ref. 52 ind ica t ed  t h a t  they would 

i n v e s t i g a t e  t h i s  problem f o r  t h e i r  f i n a l  r e p o r t .  We t r i e d  t o  o b t a i n  

a copy of t h i s  f i n a l  r e p o r t  t o  examine t h e i r  f i nd ings  be fo re  w e  under- 

took an inves t iga t ion  on our own, bu t  t o  d a t e  we have been unsuccessfu l .  

A problem t h a t  i s  unique t o  the  present  a p p l i c a t i o n  i s  con- 

taminat ion o f  t he  atmosphere by entrainment of t h e  rocke t  engine exhaust 

products .  Carbon dioxide from t h e  exhaust probably w i l l  not  be i n  

equi l ibr ium wi th  t h e  atmosphere. Of cour se ,  i f  it is  and t h e  dens i ty  

can be measured, t h e  increased  amount of CO p re sen t  w i l l  g r e a t l y  reduce 

t h e  requi red  path lengths .  Another problem is  s c a t t e r i n g  from dus t  and 

exhaust p a r t i c l e s .  

2 

We a r e  unable  a t  t h i s  t i m e  t o  render  a judgment on t h i s  tech- 

nique. The progress  made by Barnes Engineering C o .  should be watched 

f o r  poss ib l e  a p p l i c a t i o n  t o  l a r g e  launch v e h i c l e s .  
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8. WIND 
The only f e a s i b l e  loca t ion  f o r  a wind instrument i s  on the  escape 

rocke t  t i p ,  o r  t h e  veh ic l e  nose t i p  if no escape rocke t  is used. S ince  

wind-induced angle  of a t t a c k  is  the  m o s t  c r i t i c a l  f l igh t  parameter,  

cons iderable  time and e f f o r t  were given t o  wind measurement techniques.  

Our re sea rch  l e d  u s  to  the conclusion t h a t  t he  two b e s t  ways of 
measuring the  wind were e i t h e r  wi th  a f i x e d  con ica l  P i t o t - s t a t i c  tube 

or t he  modified sp in-pressure  modulation technique.  The methods a r e  

discussed i n  Sec t ions  8.1 and 8.3. 

Ac tua l ly ,  t h e  con ica l  P i t o t - s t a t i c  tube ,  i n  t h e  form of t h e  F-16 

Q-Ball, p re sen t ly  is be ing  used t o  measure angle  of a t t a c k  by NASA. 
NASA-Marshall has  c o l l e c t e d  a l a r g e  q u a n t i t y  of wind t u n n e l c a l i b r a -  

t i o n  da ta  on t h e  Q-Ball, and the  most expedient  course would be t o  

u s e  it f o r  both h i g h - a l t i t u d e  angle-of - a t t ack  and wind measurements. 

Consequently, we turned our a t t e n t i o n  t o  t h e  p o s s i b i l i t y  of us ing  an  

e l e c t r o - o p t i c a l  technique t o  p r e c i s e l y  sense t h e  minute movements of a 

d i f f e r e n t i a l  p ressure  diaphragm. of t he  type t h a t  t h e  F-16 Q-Ball could 

c a r r y .  (See Sec t ion  8 .2 ) .  
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8 . 1  Fixed Cone 

The requirement of be ing  a b l e  t o  ope ra t e  dur ing  a seve re  

v i b r a t i o n  environment a s  w e l l  as one of very  l i g h t  wind f o r c e  sugges ts  

t h e  use of a f i x e d  device .  

p ivo t  f r i c t i o n  is  e l imina ted .  

way t o  sense wind i s  t o  measure t h e  p re s su re  d i f f e r e n c e  between s t a t i c  

p re s su re  p o r t s .  

d i f f e r e n c e  between the  p re s su re  c o e f f i c i e n t s  of d i a m e t r i c a l l y  opposed 

o r i f i c e s .  

I n  t h i s  way t h e  problem of  damping and 

With a f i x e d  device  t h e  most p r a c t i c a l  

The flow a n g u l a r i t y  i s  determined by measuring t h e  

8.1.1 Theory 

Recent experimental  work done by F.  Swalley of NASA- 

Langley i n d i c a t e s  t h a t  a con ica l  probe i s  capable  of measuring flow 

a n g u l a r i t y  a t  h igh  Reynolds numbers and speeds where t h e  shock i s  

a t t ached  t o  wi th in  one- th i rd  of a degree (Ref.  2 9 ) .  The tes t s  were 

conducted i n  a 3-inch diameter helium blowdown tunnel  a t  Langley 

Research Center .  The model was a cone-cyl inder  combination wi th  t h e  

included angle cone be ing  80 . Four o r i f i c e s ,  0.020 inch i n  d iameter ,  

were spaced e q u a l l y  around t h e  model i n  a plane 0.071 inch from t h e  

nose .  

0 .  

The d i f f e r e n c e  i n  p re s su re  c o e f f i c i e n t  f o r  d i a m e t r i c a l l y  

opposed o r i f i c e s ,  a s  given i n  R e f .  30 t o  a second order  approximation, 

i s  

P 
2hqcos 4 A C  = 2 s i n  cos T cos @ - 

P C O S  7 

2 s i n  T - 4 
2 15 

- -  

The cone and flow f i e l d  geometry i s  shown i n  Fig. 32. 

A comparison of co r rec t ed  wind tunnel  da t a  wi th  va lues  

c a l c u l a t e d  with t h e  use  of Newtonian theo ry  and t h e  theo ry  of  Ref .  

30 showed e x c e l l e n t  agreement a t  small  yaw ( o r  p i t c h )  a n g l e s .  The 

e r r o r  increased with yaw o r  p i t c h  angle  f o r  each theo ry .  

always gave t h e  b e s t  agreement and i n  most cases  underpredic ted  by less 

Cheng's theory  
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than 2 percent  (which i s  wi th in  t h e  experimental  accuracy)  wi th  a few 

ins t ances  of 13-percent  e r r o r .  Newtonian theory  i s  n o t  q u i t e  a s  good, 

u sua l ly  g iv ing  an e r r o r  of 3 percent  a t  8 = 5 

e r r o r  of 15  pe rcen t .  

0 and occas iona l ly  an 

It was concluded t h a t  Mach number had only  a smal l  o r  

n e g l i g i b l e  e f f e c t  on t h e  d i f f e r e n c e  i n  p re s su re  c o e f f i c i e n t  between 

d i ame t r i ca l ly  opposed o r i f i c e s  and, consequent ly ,  on f low a n g u l a r i t y .  

Therefore ,  the  i n d i c a t i o n s  a r e  t h a t  a t  h ighe r  Reynolds numbers and a t  

speeds g rea t e r  than t h a t  necessary  f o r  shock at tachment  the d i f f e r e n c e  

i n  p re s su re  c o e f f i c i e n t  i s  n e a r l y  independent of Mach number and test 

medium f o r  the  case of a i r  and hel ium. 

For convenience i n  ob ta in ing  t h e  a i r  s t ream component 

i n  t h e  p i t c h  and yaw planes  d i r e c t l y ,  curves  a r e  p re sen ted  i n  Ref. 29 

f o r  p o s i t i v e  va lues  of p re s su re  c o e f f i c i e n t  d i f f e r e n c e s  from which t h e s e  

angles  can be  determined without recourse  t o  equa t ions .  

8.1.2 Use of F-16 Q-Ball 

The Q-Ball does ' no t  meet t h e  poin ted  cone and a t t ached  

shock requirements of t h e  foregoing theo ry .  However, through u t i l i z i n g  

aerodynamic c a l i b r a t i o n  f a c t o r s  determined from ex tens ive  wind tunnel  

t e s t s  an empir ica l  r e l a t i o n  between d i f f e r e n t i a l  dynamic p res su re  

d i f f e r e n c e  and angle  of  p i t c h  and yaw h i s t o r i e s  h a s  been e s t a b l i s h e d ,  

(Refs. 48 and 53). 

t he  launch veh ic l e  i t  i s  p o s s i b l e  t o  c a l c u l a t e  t h e  speed and d i r e c t i o n  

of t h e  wind caus ing  t h e  p i t c h  and yaw. Th i s  computation method i s  

d iscussed  i n  Sec t ion  8.2.5. I n  a c t u a l  p r a c t i c e  the computation w i l l  be 

r a t h e r  complex s ince  t h e  v e h i c l e  cons t an t ly  i s  p i t ch ing  and yawing i n  

response t o  t h e  wind and s t e e r i n g  o r d e r s .  However, i t  should be poss i -  

b l e  t o  devise  a computer program which can take  each of t h e s e  f a c t o r s  

i n t o  account whi le  it i s  processing t h e  d i f f e r e n t i a l  dynamic pressure  

d a t a .  

I Knowing these  angles  and t h e  vec to r  v e l o c i t y  of 
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8.2 Electro-Optical  Data Pickoff 

During t h e  ana lys i s  of the  wind sphere an e l ec t ro -op t i ca l  data  

pickoff was suggested a s  a means t o  p rec i se ly  sense minute movements of 

the  pressure  diaphragm without a t t ach ing  any add i t iona l  mass t o  it. 

NASA t echnica l  monitors expressed i n t e r e s t  i n  t h i s  technique for use  with 

the  F-16 Q-Ball angle-of-attack meter. It was hoped t h a t  an electro- 

o p t i c a l  da ta  pickoff would make poss ib l e  the  use of mul t ip le  pressure 

sensors and, thus,  increase  the opera t iona l  c e i l i n g  of the device.  Con- 

sequent ly ,  t h i s  data pickoff technique was given considerable  a t t e n t i o n .  

It shows grea t  promise of providing a means of de t ec t ing  very small  

diaphragm de f l ec t ions  with a device t h a t  has  no moving p a r t s  and does 

not  r equ i r e  t h a t  anything be at tached t o  the  diaphragm. 

The 

The Q-Ball p re sen t ly  used with the  Saturn u t i l i z e s  Rosemount 

Engineering d i f f e r e n t i a l  pressure diaphragms with a capac i t ive  da ta  

pickoff .  These pressure sensors a r e  e f f e c t i v e  only up t o  45 kzn where 

t h e  dynamic pressure of about 200 kg/m3 i s  i n s u f f i c i e n t  t o  cause them 

t o  respond. 

s u f f i c i e n t  number of more s e n s i t i v e  sensor sets within the  Q-Ball so 

t h a t  the  e n t i r e  a l t i t u d e  range could be  covered. The h igh -a l t i t ude  

sensors would be sealed of f  a t  low a l t i t u d e s  and opened a t  the  bottom 

a t  the  a l t i t u d e  i n t e r v a l  over which they a r e  e f f e c t i v e .  By using 

e l ec t ro -op t i ca l  data p ickoffs  i t  should be poss ib le  t o  widen t h e  

dynamic range over which each set of sensors  i s  e f f e c t i v e  and, thus ,  

t o  reduce the  number required.  

W e  be l ieve  t h a t  a l o g i c a l  course would be t o  place a 

Calculat ions were made of the  range of dynamic pressure 

d i f fe rence  across  a set of pressure po r t s  f o r  an angle  of a t t a c k  of 0 

t o  10 degrees and a Mach number range of 1 .5  t o  5.3.  It was found t h a t  

t h e  range of t h e  dynamic pressure d i f fe rence  f o r  an angle  of 10 degrees 

i s  from 136 t o  2300 kg/m . 
cover t h i s  range severa l  separate  s e t s  of pressure  diaphragms may be 

necessary.  Get t ing  a l l  of the sensors ,  ducting, and data  p ickoffs  i n t o  

2 
For zero angle  the  d i f f e rence  i s  zero.  To 
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the  4-inch diameter t i p  of t he  Q-Ball w i l l  be a d i f f i c u l t  t a s k .  

advantage of e l e c t r o - o p t i c a l  p i ckof f s  i s  t h a t  they  can be  compact and show 

promise of being compatible with t h e  small space  a v a i l a b l e ,  

A major 

8 . 2 . 1  Lipht Beam Def lec t ion  Technique 

Several  methods have been s tud ied  f o r  o p t i c a l l y  measuring 

t h e  d e f l e c t i o n  of a diaphragm due t o  a p re s su re  d i f f e r e n c e  on the  two 

s i d e s .  These included i n t e r f e r e n c e  f r i n g e s ,  Moire p a t t e r n s ,  Golay 

c e l l  method, l i g h t  i n t e n s i t y  change , and angle  of r e f l e c t i o n  change. 

A t  p r e s e n t ,  the l as t  shows t h e  g r e a t e s t  promise f o r  use  on a rocke t .  

/ 

I n  t h i s  technique one spot  on the  r i m  of the  d i f f e r e n t i a l  

p re s su re  diaphragm i s  coated wi th  a r e f l e c t i v e  mater ia l .  

i s  loca ted  outs ide  t h e  duct and sh ines  on t h e  r e f l e c t i n g  spo t  through 

a window i n  the duc t .  This i s  i l l u s t r a t e d  i n  Fig.  33. The l i g h t  beam 

i s  r e f l e c t e d  from t h e  diaphragm through a second window onto a la te ra l  

pho toce l l .  A s  t h e  diaphragm d e f l e c t s ,  t he  r e f l e c t e d  beam w i l l  move 

ac ross  t h e  l a t e r a l  pho toce l l .  Because of i t s  unique pos i t i on - sens ing  

a b i l i t i e s  the vo l t age  output  of t h e  c e l l  w i l l  b e  a f u n c t i o n  of t h e  

p o s i t i o n  of the l i g h t  spot  i n  x-y coord ina tes .  With t h e  f i x e d  geometry 

of t he  u n i t ,  t h e  x-y p o s i t i o n  can be c a l i b r a t e d  i n  terms of diaphragm 

d e f l e c t i o n ,  which, i n  t u r n ,  can be c a l i b r a t e d  i n  terms of t h e  p re s su re  

d i f f e r e n t i a l  ac ross  i t .  For a l i g h t  beam of f i n i t e  s i z e  the  diaphragm 

might a c t u a l l y  d e f l e c t  i n  two dimensions,  s o  a simple one-dimensional 

c e l l  would not be completely adequate .  Fo r tuna te ly ,  a s u i t a b l e  l a t e r a l  

photoce l l  i s  r e a d i l y  a v a i l a b l e .  E lec t ro -Opt i ca l  Systems, I n c .  markets 

a ve r s ion  c a l l e d  the  Radiat ion Tracking Transducer (RTT ) ,  which 

probably can be adapted t o  t h i s  use .  

A l i g h t  source 

(0 
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8.2.1.1 Optical Geometry 

The dimension D shown i n  F i g .  3 4  is  t h e  abso lu te  va lue  

of t he  maximum movement of t h e  r e f l e c t e d  l i g h t  beam from t h e  n u l l  p o s i t i o n .  

The de tec to r  must have a r a d i u s  a t  least  t h i s  l a r g e .  Ca lcu la t ions  have 

been made which ind icz ted  t h a t  t he  r i m  d e f l e c t i o n  angle  8 may be as much 

as 1 2  degrees where 8 i s  given by: 

Therefore ,  the small angle  approximations are no t  t r u l y  v a l i d .  As i n -  

d i ca t ed  i n  Fig.  3 4  

movement of the  diaphragm through the angle  8 and the  change i n  t h e  p o i n t  

t h e  d e f l e c t i o n  of t h e  l i g h t  beam i s  due t o  both t h e  

from which the r e f l e c t i o n  t akes  p l ace  from 6 t o  6 Thus, t h e  t o t a l  1 2 '  
l i g h t  beam d e f l e c t i o n  D i s ,  from F i g .  34:  

D = a + b  

where the  d i s t ances  a and b are def ined  by 

(55) 

s i n  2 0 

t a n  g s i n  ( a  + 8) b =  

s i n  @ 
s i n  (a + $1 a =  

The express ion  f o r  t he  t o t a l  beam d e f l e c t i o n  then  i s :  

[ 2 ~  cos e + - - sin s i n  (a + 28) 2 t a n  @ 
s i n  8 D =  

where, as dep 'c ted 2 i n  F i g s ,  33 and 3 4 ,  

6 :  

L:  d i s t ance  of RTT c e n t e r  t o  r e f l e c t i n g  su r face  

8 : 

B: angle  between l i g h t  source and diaphragm 

Cy: angle  between RTT and l i g h t  pa th  from diaphragm 

@ :  change i n  angle  of r e f l e c t i o n  = 28 

displacement of r e f l e c t i n g  s u r f a c e  from diaphragm r i m  

diaphragm r i m  d e f l e c t i o n  angle  

8.2.1.2 

f o r  t h e  range of 

3780 -Fina 1 

Detector Size 

Su i t ab le  p re s su re  diaphragms appear t o  be  a v a i l a b l e  

70 t o  2460 kg/m (0.1 t o  3 . 5  p s i ) .  2 This range of 
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pressure  would cause t h e  cen te r  of a l-cm-diameter diaphragm t o  d e f l e c t  

from 0.0015 t o  0.05 cm. It i s  u n l i k e l y ,  though, t h a t  a s i n g l e  diaphragm 

can cover t h i s  range. 

a t  h i g h - d i f f e r e n t i a l  p ressures  i t  would be too  s t i f f  t o  respond a t  very 

l o w - d i f f e r e n t i a l  p ressure .  This need f o r  mul t ip l e  s e t s  of gages may 

a c t u a l l y  prove t o  be  an advantage from t h e  p o i n t  of view of d a t a  p i ckof f .  

The amount of d e f l e c t i o n  of t he  l i g h t  r ay  caused by a s i n g l e  diaphragm 

d e f l e c t i n g  through the  e n t i r e  range of 0.0015 t o  0.05 c m  would be l a r g e r  

than could be contained w i t h i n  t h e  0.6 c m  r ad ius  of t h e  RTT ve r s ion  of 

t h e  l a t e r a l  photoce l l .  

In  order  t o  be  s tu rdy  enough t o  r e s i s t  b u r s t i n g  

Using the  foregoing diaphragm d e f l e c t i o n s  and t y p i c a l  

va lues  of the o p t i c a l  system parameters dep ic t ed  i n  F igs .  33 and 34,  

t h e  an t i c ipa t ed  excursion of t h e  r e f l e c t e d  l i g h t  beam w a s  es t imated .  

r = 0.5 cm 

B = loo 
cy = goo 

6 = 0.125 cm ' 

L = 1 . 6  c m  

We found f o r  a diaphragm d e f l e c t i o n  M of 0.05 c m  t h a t  t he  t o t a l  l i g h t  

spot  t r a v e l  would be 1.1 cm. For a M of 0.0015 cm the  t r a v e l  would 

be  0.010 c m .  

One s o l u t i o n  t o  t h e  l a r g e  t r a v e l  of t h e  l i g h t  spot  

i s  t o  u s e  a double s i z e  RTT which has a r a d i u s  of 1.2 cm. However, 

a double s i z e  RTT would r equ i r e  some development. In  view of t h e  

remarks i n  the f i r s t  paragraph above, t h e  most p r a c t i c a l  s o l u t i o n  

probably would be t o  use  two o r  t h r e e  se t s  of gages,  each of which 

covered a por t ion  of t h e  pressure  range. 

The diaphragms would vary i n  response so t h a t  t h e  f u l l  

range of each r e s u l t e d  i n  a l i g h t  spot  t r a v e l  of s l i g h t l y  less than  

0.5 c m .  It is  impossible he re  t o  decide exac t ly  how many gage sets 

would be r e q u i r e d  because t h e  f i n a l  choice m u s t  be a t r adeof f  between 
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s o  many v a r i a b l e s ;  e . g . ,  diaphragm s i z e ,  diaphragm s t i f f n e s s ,  t he  

angle  $, t he  angle  a, e t c .  We be l i eve  t h a t  two sets might be s u f f i c i e n t  

and t h a t  t h ree  sets s u r e l y  would be adequate.  

8.2.1.3 Output SiPnal Level 

It i s  convenient t o  p lace  the  l i g h t  source and t h e  

d e t e c t o r  t he  same d i s t a n c e  from the  diaphragm. Therefore ,  d i s t a n c e  A 

i n  Fig.  34 

output ,  about 100 mw of l i g h t  w i l l  g e t  t o  t he  d e t e c t o r .  This i s  g r e a t e r  

than the  s a t u r a t i o n  power f o r  the RTT; t h e r e f o r e ,  t h e  d e t e c t o r  ou tput  

w i l l  be about 0.3 mv/O.OOl cm independent of l i g h t  power. 

d e t e c t  movements of the  l i g h t  spot  of less than 0.010 cm. A movement 

of 0.010 cm w i l l  cause an  output of 3 m i l l i v o l t s .  There w i l l  be no 

problem i n  coupling a s i g n a l  of t h i s  magnitude i n t o  any e l e c t r o n i c s  

needed. I f  a c e r t a i n  diaphragm d e f l e c t i o n  o r  l i g h t  beam d e f l e c t i o n  

should r e s u l t  i n  an  output  of less than 0.25  mv, i t  might be necessary  

t o  u t i l i z e  a higher  r e s i s t i v i ty  s i l i c o n  f o r  t he  RTT. This would increase- 

the  output .  

i s  1 . 6  cos  So = 1 . 6  cm. For a l i g h t  source of about  1 w a t t  

The RTT can 

8.2.1.4 Vibra t ion  Ef fec t s  

Vibrat ions should cause no t roub le  i n  obta in ing  u s e f u l  

s i g n a l s .  The de tec to r  has  a t i m e  cons tan t  g r e a t e r  than  10 microseconds. 

The e l e c t r o n i c s  can have a bandpass s e t  so  t h a t  vo l tage  v a r i a t i o n s  due 

t o  v i b r a t i o n s  are no t  seen. 

8.2.2 Light  I n t e n s i t y  Change Technique 

The most s t ra ight forward  approach i s  t o  sh ine  l i g h t  onto the  

pressure  diaphragm and r e f l e c t  i t  onto  a photodetector  which then  de- 

termines i n t e n s i t y  v a r i a t i o n .  A photodiode w i l l  have a n  output  c u r r e n t  

g iven  by 
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where 

P: l i g h t  i n t e n s i t y  i n  wat t s  

A :  area of l i g h t  spot  on d e t e c t o r  

D: d i s t a n c e  from source t o  d e t e c t o r  

S: d e t e c t o r  s e n s i t i v i t y  i n  amps/watt 

A small change i n  l i g h t  i n t e n s i t y  on a d e t e c t o r  i s  more 

Two d e t e c t o r s  are accura t e ly  de tec ted  by using a d i f f e r e n t i a l  method. 

set up s o  tha t  l i g h t  from one source sh ines  on both by using a h a l f -  

s i l v e r e d  mirror and a r e f l e c t i n g  diaphragm (See  F i g .  35). The param- 

e t e r s  of Eq. 57 are set  f o r  each d e t e c t o r  s o  t h a t  t he  output  c u r r e n t  

of d e t e c t o r  A equals  t h a t  of B i n  the  no -de f l ec t ion  cond i t ion .  

only the  d i f f e rence  i n  outputs  between A and B i s  seen  i n  t h e  a m p l i f i e r  

Then 

For the  se tup  shown i n  F ig .  34. t he  d i f f e r e n c e  i n  output  

of the two de tec to r s  i s  given by 

A I  = ( z3)B Ad 

where 

Ad: movement of t h e  diaphragm 

( )B: i n d i c a t e s  t h a t  t h e  va lues  of t h e  

parameters f o r  d e t e c t o r  B are used. 

A s  an example, assume 

P = 0 .1  wat t  

s = 0 . 1  amp/watt 

A = cm 

d = 10 cm 

2 

Ad = 0.001 cm 
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Then A I  = amp. A t  f i r s t  g l ance ,  t h i s  s i g n a l  appears  t o  be too  

low f o r  p r a c t i c a l  ampl i f i e r s .  

design could be optimized t o  inc rease  AI/Ad by a f a c t o r  of 100. 

However, i t  i s  p o s s i b l e  t h a t  t h i s  simple 

8 . 2 . 3  In t e r f e romet r i c  Technique 

The use of o p t i c s  t o  sense mechanical d e f l e c t i o n  i s  a ccmrmon 

technique when extreme accuracy i s  requi red .  

i s  s tandard i n  many l a b o r a t o r i e s .  I n  t h i s  method, a phase d i f f e r e n c e  

between two beams of l i g h t  from a s i n g l e  source  appears  when the  length  

of one l i g h t  path changes wi th  r e spec t  t o  t h e  o t h e r .  The phase d i f f e r -  

ence i s  seen as i n t e r f e r e n c e  f r i n g e s  where the  beams come toge the r .  A 

de tec to r  can be set  up t o  count the  number of success ive  l i g h t  and da rk  

f r inges .  However, a complex se tup  would be r equ i r ed  t o  determine t h e  

d i r e c t i o n  of f r i n g e  motion. Without t h i s ,  p re s su re  d i f f e r e n t i a l  could 

be determined, but  i t s  d i r e c t i o n  could no t .  

An i n t e r f e r o m e t r i c  method 

8 . 2 . 4  Index of Refrac t ion  Chanpe Technique 

As a last  technique,  t he  change of phase of a l i g h t  beam wi th  

pressure  due t o  index of r e f r a c t i o n  change w a s  i n v e s t i g a t e d .  This 

method d iv ides  the  pressure  duct  wi th  a f ixed  membrane and d i r e c t l y  

measures the pressure  d i f f e r e n c e  between each h a l f  of the duc t .  The 

index of r e f r a c t i o n  of t he  a i r  i s  a func t ion  of p re s su re .  The phase 

change is  given by 

KAP (59) 
2nL A@ = - A 

where 

L: l i g h t  path length  over which pressures  are d i f f e r e n t  

A : wavelength of l i g h t  

K: constant  = 2 x i n  English sys t em 

AP: pressure  d i f f e r e n c e  i n  two compartments 
1 

As an  example l e t  
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I 

L = 1 inch 

A = 2 x inch 

AP = 0.002 p s i  

This  AP corresponds t o  the  d i f f e rence  i n  dynamic p res su re  ac ross  a 

p re s su re  diaphragm f o r  a 0.1 degree angle  of a t t a c k  a t  the  maximum 

a l t i t u d e .  With these  va lues  A# = 0.013. Whether or no t  t h i s  tech- 

nique can be implemented a t  high a l t i t u d e s  where the  abso lu te  p re s su re  

i s  very  low r equ i r e s  add i t iona l  s tudy .  

8 . 3  Spin Pressure  Modulation 

The only success fu l  a t tempt  a t  measuring winds i n  the  meso-  

sphere  and above t h a t  w e  have encountered i s  t h e  f l i g h t s  of Ainesworth, 

Fox and La Gow a t  For t  Churchi l l  dur ing the  I.G.Y. (Ref. 23). They 

used an Aerobee equipped wi th  a P i t o t - s t a t i c  tube  and u t i l i z e d  t h e  

c y c l i c a l  p ressure  measured a t  t h e  s t a t i c  po r t  i n  a method c a l l e d  s p i n  

pressure  modulation. 

The method can be v i sua l i zed  by examining Fig.  36. Owing t o  

t h e  r o c k e t ' s  angle-of -a t tack  which v a r i e d  from 1 t o  20 degrees ,  t h e  

sp in-pressure  w a s  modulated a t  t h e  rocke t  sp in - ra t e .  In t he  continuum- 

flow reg ion  t h e r e  e x i s t e d  during each modulation cyc le  two va lues  of 

sp in-pressure  t h a t  were se l ec t ed  and converted t o  ambient pressure .  

Above 100 km, where condi t ions  o f  f r e e  molecular flow e x i s t e d  f o r  t h e  

P i t o t - s t a t i c  tube ,  ambient d e n s i t i e s  and winds were obta ined  from 

measurements of t he  modulation amplitude of t h e  sp in-pressure ,  t h e  rocke t  

v e l o c i t y ,  and t h e  rocke t  angle-of-at tack.  Because t h e  amplitude of t h e  

p re s su re  modulation was small and w a s  obscured by t h e  ambient atmosphere 

o r  by outgassing of t he  pressure sensor ,  an ac a m p l i f i e r  w a s  connected 

t o  t h e  output  of t h e  pressure  sensor .  In t h i s  way t h e  ambient and 

r e s i d u a l  gas s i g n a l s  were blocked, and t h e  p re s su re  modulation w a s  passed 

and amplif ied.  
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8 . 3 . 1  Spin-Pressure-Modulation Technique 

I n  t h e  present  case t h e  boos te r  nominally w i l l  f l y  a t  

an  ang le  of a t t a c k  of only +2 t o  -5  degrees .  Therefore ,  i t  is  necessary  

t o  make some changes i n  t h e  Ainsworth technique which r equ i r e s  a l a r g e r  

ang le  of a t t a c k .  W e  suggest t h r e e  cy l inde r s  mounted or thogonal ly ,  each 

of which would r o t a t e  about i t s  own a x i s .  Actua l ly ,  t h e  t h i r d  c y l i n d e r  

i s  superf luous,  s i n c e  two cy l inde r s  mounted or thogonal ly  would be su f -  

f i c i e n t .  Each of  t hese  ro t a t ing  cy l inde r s  would con ta in  a s t a t i c  p re s su re  

p o r t  t h a t  would be monitored. The reading from t h e  p re s su re  p o r t  when 

no wind i s  blowing i s  due t o  t h e  impact of t h e  a i r  caused by t h e  upward 

motion of t h e  v e h i c l e .  A p l o t  of  t he  p re s su re  readings of t h e  sp inning  

c y l i n d e r  would tend t o  fo l low a cosine-squared curve as depiec ted  i n  Fig. 

3 7 .  Between 90 and 270 degrees t h e  p o r t  would monitor base p re s su re  and 

no at tempt  w a s  made t o  es t imate  t h i s  pressure  f o r  t h e  f igu re .  I f  a wind 

w e r e  blowing, t h e  r e s u l t a n t  vec tor  formed by t h e  boos te r  v e l o c i t y  and 

t h e  wind v e l o c i t y  would cause t h e  shock wave and p res su re  peak t o  s h i f t  

t o  one s i d e  as depic ted  i n  Fig.  38. A measurement of t h e  angle  8 a t  

which t h e  pressure-peak occurs can be used t o  determine the  d i r e c t i o n  

and magnitude of  the  wind. 

8.3.2 Expected Pressure-Peak Displacement 

Reference 2 and s i m i l a r  sources  w e r e  consul ted  t o  

determine t h e  envelope of expected maximum h o r i z o n t a l  winds f o r  t h e  

a l t i t u d e  range of  i n t e r e s t .  The maximum expected ang le  of pressure-  

peak displacement (angle  6 of Fig.  38) w a s  c a l c u l a t e d  using t h e  maxi- 

mum wind p r o f i l e  t abu la t ed  i n  Table IX and a t y p i c a l  v e l o c i t y  p r o f i l e  

of a l a rge  l i q u i d  boos te r .  The r e s u l t i n g  angles  of pressure-peak 

s h i f t  a l s o  are t abu la t ed .  A s t r i k i n g  f e a t u r e  of t h i s  i n v e s t i g a t i o n  

i s  t h a t  t h e  h o r i z o n t a l  wind speed i n  t h e  reg ion  of 30 t o  100 km can 

be s u f f i c i e n t l y  h igh ,  compared t o  the  v e r t i c a l  speed of a representa-  

t ive  l a rge  launch v e h i c l e ,  t h a t  t h e  s h i f t  of t h e  pressure-peak could 

be as high as 31  degrees .  
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TABLE IX 

MAXIMUM EXPECTED ANGLE OF SHIFT OF 
PRESSURE-PEAK CAUSED BY WIND 

Maximum Wind 
(MeterslSec .) 

50 
150 
175 
200 
230 
250 
290 
300 

Angle of S h i f t  
(Degrees) 

1 7  
31 
27 
24 
22 
19 
17 
17 

8 . 3 . 3  Detec t ing  S h i f t  of Pressure  Peak 

There a r e  three  ways t o  d e t e c t  t h e  s h i f t  ang le  of t h e  

pressure-peak. One i s  t o  no te  t h e  a c t u a l  p o s i t i o n  where t h e  pressure-  

peak occurs .  However, i f  t h e  peak w e r e  very  f l a t  it would be d i f f i c u l t  

t o  determine p r e c i s e l y  t h e  angle. a t  which t h e  pressure-peak occurs .  

Another method i s  t o  determine the angle  where the p res su re  approaches 

ambient. This  occurs  when t h e  p re s su re  p o r t s  a r e  a l igned  with t h e  flow 

d i r e c t i o n  a s  a t  t h e  90 and 270 p o i n t s  i n  F ig .  39. The angle  p o i n t  

midway between these  two angles would be the angle  of the  p re s su re  max- 

imum. A t h i r d  method i s  t o  loca te  two p o r t s  a t  oppos i te  ends of a 

diameter o r  chord of t he  cy l inder  and t o  note  t h e  angle  a t  which t h e  

d i f f e r e n c e  of pressure  between t h e  two p o r t s  i s  zero.  The l a s t  method 

appears  t o  be  the  b e s t  i n  t h a t  it measures a pressure  d i f f e r e n c e  r a t h e r  

than an abso lu te  value.  

i s  sketched i n  F ig .  40. 

cess ive  crossover  po in t s .  

0 0 

The pressure  reading  when t h i s  method i s  used 

The pressure-peak l ies  midway between two SUC- 

8.3.4 Rate  of Spin 

I n  order  t o  determine t h e  f i n e  s t r u c t u r e  of t h e  wind 

f l u c t u a t i o n s  it appears necessary t o  have an instrument  response t h a t  

s p i n s  a t  the  r a t e  of 0.02 r evo lu t ions  p e r  second. Thus;the instrument  
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would be capable of following winds t h a t  change a t  t h e  r a t e  of 0.131 

meters /sec per  m e t e r  of a l t i t u d e .  This  r a t e  i s  c i t e d  i n  Ref. 2 a s  

t h e  maximum wind shear  t h a t  w i l l  be  encountered. 

The pressure  d i f f e r e n c e  on oppos i te  s i d e s  of a r o t a t i n g  

cy l inde r  due t o  the Mangus e f f e c t  was c a l c u l a t e d  from t h e  formula 

Ap = 2p Vv where Ap is t h e  d i f f e rence  i n  p re s su re  between t h e  oppos i t e  

ends of the  cy l inde r  diameter.  

p ressure  d i f f e r e n t i a l  due t o  the  Mangus e f f e c t  i s  about t h r e e  decades 

below t h e  ambient p r e s s u r e ¶  and t h e  a r t i f i c i a l  p ressure  d i f f e r e n t i a l  

w i l l  cause a n e g l i g i b l e  displacement of the  c rossover  po in t .  

A t  60 lan a l t i t u d e ,  f o r  i n s t ance ,  t h e  

8.3.5 Calcu la t ion  of Wind Speed and Di rec t ion  

The fol lowing d e r i v a t i o n  i l l u s t r a t e s  a method of 

determining the  wind speed and d i r e c t i o n  using t h e  w i n  pressure  modu- 

l a t i o n  technique.  

Z 
WIND 

VEHICLE 
VELOCITY V 

WIND 

Y 
DIRECTION \ 

/ 

7 Y - 

VELOCITY W 

X '  
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L e t  V = vehic le  v e l o c i t y  vec tor  a long  z a x i s  

W = wind vec to r  

vR = V + W = r e s u l t a n t  vec to r  

8 = angle between VH and v 
y = wind d i r e c t i o n  

The known q u a n t i t i e s  from the  boos te r  and s p i n  p re s su re  modulation p o r t s  

o r  f i x e d  Q-Bal l  p o r t s  a re :  

V ,  a ,  and p 
Then 

W 
t a n  8 = - V 

1/ 2 2 
Wind speed, W = V r t a n  a + t an2  p] - 

and t h e  wind d i r e c t i o n  i s  represented  by: 

y = tan-' ( t an  p/ tan a> 

For the  genera l  case  where t h e r e  i s  an ang le  between 

t h e  z a x i s  and V ,  8 i s  ca l cu la t ed  a s  be fo re .  

T 
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The wind i s  assumed t o  be h o r i z o n t a l  so  t h a t  t he  plane 

2, v,  V 

l ines i s  used t o  f i n d  a .  

i s  a l s o  h o r i z o n t a l .  The s p h e r i c a l  t r i a n g l e  formed by the  do t t ed  R 

cos 6 = cos  cos 8 + s i n  7 s i n  8 cos d .  

s i n  6 s i n  d 
s i n  6 s i n  a = 

-- 2 -  - 
w 2  = (Z V) + (Z vR12 - 2 z v z vR cos a 

2 2  2 2 2  2 2 W = V s i n  T + . V  cos 7 tan 6 - 2 V s i n  T cos T t an  h cos a 

1 2 2 2 w 2  = v2 [s in  7 + cos t a n  6 - 2 s i n  cos 7 t an  6 cos a 

- 
The wind d i r e c t i o n  y i s  the angle  between W and Z V. 

- 2 -2 - 
z v R 2 =  w + z v  - 2 w z v c o s y  

2 -  2 
(W2 +E - z VR ) 

y = cos-1 r 1 J 2w z v i 

Thus t h e  wind d i r e c t i o n  is:  

2 2  2 2 

1 W + V s i n  7 - V cos t a n  fi  
2W V s i n  = cos-1 r 

L 

8.4 I n t e r n a l  Accelerometers 

A l l  l a rge  launch vehic les  c a r r y  i n t e r n a l  accelerometers  t o  

monitor veh ic l e  a t t i t u d e  f o r  con t ro l  purposes.  These accelerometer  
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systems cannot b e  used f o r  wind moni tor ing  because  t h e i r  pr imary u s e  

as c o n t r o l s  r e q u i r e s  t h a t  t h e y  b e  t o o  h e a v i l y  damped t o  d e t e c t  changes 

i n  a t t i t u d e  due t o  wind. Even i f  s e n s i t i v e  a c c e l e r o m e t e r s  were c a r r i e d  

i t  would be extremely d i f f i c u l t  t o  r e l a t e  a change i n  v e h i c l e  a t t i t u d e  

t o  a change i n  wind. 

and yaw t o  wind f o r  such  a massive v e h i c l e  probably  never  w i l l  b e  known 

w i t h  any degree of  c e r t a i n l y .  Consequent ly ,  i t  a p p e a r s  t h a t  a n  i n t e r n a l  

acce lerometer  s y s t e m  does n o t  meet t h e  r e q u i r e m e n t s .  

The t r a n s f e r  f u n c t i o n s  which r e l a t e  a n g l e  of  p i t c h  

8 .5  Wind Sphere 

Before w e  were made aware of t h e  development program f o r  t h e  

F-16 Q - B a l l ,  w e  i n v e s t i g a t e d  a t  l e n g t h  t h e  aerodynamic and mechanical  

c h a r a c t e r i s t i c s  of a r o t a t a b l e  s p h e r e .  The s p h e r e  would b e  c a r r i e d  i n  

a housing s i m i l a r  t o  t h a t  of t h e  Q - B a l l  of t h e  X-15 a i r p l a n e .  The i n s t r u -  

ment would sense  a change i n  t h e  r e s u l t a n t  wind by means of  d i f f e r e n t i a l  

p r e s s u r e  gages i n  d u c t s  which concec t  s 2 a t i c  p r e s s u r e  p o r t s  on o p p o s i t e  

ends of a sphere d iameter .  A s e r v o d r i v e  would r o t a t e  t h e  s p h e r e  t o  

m a i n t a i n  i t  r e l a t i v e  t o  t h e  wind so t h a t  t h e  d i f f e r e n t i a l  p r e s s u r e  i s  

z e r o .  The sphere  displacement  a long  w i t h  t h e  v e h i c l e  v e l o c i t y  i s  a 

measure of  t h e  wind speed and d i r e c t i o n .  We i n v e s t i g a t e d  t h e  r e q u i r e -  

ments imposed on t h e  system by t h e  magnitude of t h e  r e s u l t a n t  wind change 

and t h e  amount of gage d e f l e c t i o n  l i k e l y  t o  occur  due t o  wind,  v e h i c l e  

v i b r a t i o n  and v e h i c l e  a c c e l e r a t i o n .  

8 . 5 . 1  Ins t rument  Drive Range 

R e f e r r i n g  t o  Table  I X ,  i t  is  s e e n  t h a t  t h e  maximum 

expec ted  angle  between t h e  v e h i c l e  p a t h  and t h e  r e s u l t a n t  wind i s  31 

degrees  o c c u r r i n g  a t  40 km a l t i t u d e .  Thus t h e  wind s p h e r e  must b e  

des igned  s o  t h a t  i t  can  b e  r o t a t e d  about  30 d e g r e e s  i n  any d i r e c t i o n .  

I n  a p r a c t i c a l  s i t u a t i o n ,  however, a launch  v e h i c l e  probably  never  would 

f l y  a t  such a l a r g e  a n g l e  of  a t t a c k ,  b u t  t h i s  i s  t h e  upper  bound. 
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8 . 5 . 2  Required Response Speed 

The maximum expected wind shear  r epor t ed  i n  Ref. 54 
-1 

is 0.131 sec f o r  a 500 meter a l t i t u d e  l a y e r .  This means t h a t  t h e  

ho r i zon ta l  wind v e l o c i t y  w i l l  change by 0.131 meter / sec ,  as t h e  v e h i c l e  

rises 1 m e t e r .  I t  can be shown t h a t  f o r  s m a l l  changes 

where ty = angle  of a t t a c k  

S = wind shear  

t = t i m e  

Using the  maximum expected value of s h e a r ,  t h e  sphere must be capable  

of r o t a t i n g  a t  a r a t e  of 0 .131 r a d l s e c  o r  7 . 5  deglsec.  

8 . 5 . 3  Vibra t ion  
According t o  p. 16 of Ref. 54 a random no i se  v i b r a t i o n  

t e s t  level f o r  the  Sa turn  i s  7.5 t o  12.0 g, i n  t he  range of 20 t o  2000 cps. 

This  environment i f  encountered i n  f l i g h t  could e n t e r  as an erroneous 

s i g n a l  t o  t h e  pickoff .  
8 . 5 . 4  Sustained Accelera t ion  

The burning of t h e  f u e l  w i l l  cause an inc reas ing  acce l -  

e r a t i o n  which w i l l  have a maximum value  a t  f i r s t  s t a g e  burnout.  The 

component of v e h i c l e  acce le ra t ion  perpendicular  t o  the  diaphragm of  a 

membrane-type d i f f e r e n t i a l  gage mounted i n  the  duct  w i l l  be 

a =  a s ine  
D V 

where a = a c c e l e r a t i o n  perpendicular  t o  diaphragm D 
a = v e h i c l e  acce le ra t ion  

V 

0 = angle  subtended by diaphragm and v e h i c l e  a x i s  

8 . 5 . 5  Wind Pressure  

The pressure  de t ec to r  w i l l  sense no p res su re  d i f f e r e n -  

t i a l  when t h e  sphere is  al igned c o r r e c t l y  wi th  t h e  wind. Theore t i ca l ly  
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t h e  p r e s s u r e  v a r i e s  a s  t h e  c o s i n e  squared  of  t h e  a n g l e  from t h e  

s t a g n a t i o n  p r e s s u r e  a t  t h e  foremost  p o i n t  t o  ambient a t  t h e  e q u a t o r .  

A f t  o f  t h e  sphere  e q u a t o r ,  o r  a t  a n g l e s  g r e a t e r  t h a n  90 d e g r e e s ,  a wake 

forms and the  p r e s s u r e  is  n o t  a c c u r a t e l y  known. For  t h e  purposes  of 

t h i s  a n a l y s i s ,  however, i t  i s  assumed t h a t  a vacuum is formed on t h e  

leeward which i s  e q u a l  i n  magnitude t o  t h e  i n c r e a s e  of p r e s s u r e  on t h e  

windward s i d e .  The d i f f e r e n t i a l  p r e s s u r e  a t  e i t h e r  end of a d iameter  

of  t h e  sphere  a t  t h e  e q u a t o r  due t o  a s h i f t  i n  t h e  d i r e c t i o n  o f  t h e  

remote re la t ive wind i s  formula ted  below. This  s h i f t  i n  r e s u l t a n t  wind 

d i r e c t i o n  i s  i l l u s t r a t e d  i n  F igs .  37 and 38. 

2 2 PD = 2Ps cos (90-6) = 2 s i n  6 

where P = d i f f e r e n t i a l  p r e s s u r e  D 
6 = s h i f t  of r e s u l t a n t  wind 

A one degree r e s u l t a n t  w i n d s h i f t  would r e s u l t  i n  a d i f f e r e n t i a l  p r e s -  

s u r e  of 6 . 1 ~  10 t i m e s  t h e  s t a g n a t i o n  p r e s s u r e .  -4 

8.5.6 P r e s s u r e  Equiva len t  of A c c e l e r a t i o n  

The fo l lowing  r e l a t i o n s h i p s  d e r i v e  t h e  e q u i v a l e n t  

d i f f e r e n t i a l  p r e s s u r e  produced by s u s t a i n e d  a c c e l e r a t i o n .  

where P = 

F =  

A =  

m =  

a =  

t =  

g =  

p r e s s u r e ,  p s i  

f o r c e ,  l b  

a r e a ,  in2  

mass,  s l u g s  

acce  l e r a t  i o n ,  f t I s ec 

g r a v i t y  3 2 . 2  f t / s e c 2  

s p e c i f i c  w e i g h t ,  l b / i n 3  

t h i c k n e s s ,  i n  

a c c e l e r a t i o n ,  g r a v i t i e s  

2 
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The maximum component of acce le ra t ion  normal t o  the  diaphragm i s  1.66 g 

and occurs when t h e  angle  of a t t a c k  is  27 degrees  and t h e  v e h i c l e  accel- 

e r a t i o n  is 35.98 m/sec2, occurr ing a t  49.6 km a l t i t u d e .  

8.5.7 Pressure  Equivalent of Vibra t ion  

The pressure  d e t e c t o r  is  assumed t o  be a diaphragm 

which responds t o  v i b r a t i o n  as a second-order l i n e a r  system. According 

t o  Deu Hartog's "Vibra t ion  Problems i n  Engineering," t h e  lowest n a t u r a l  

frequency encountered by a c i r c u l a r  diaphragm is 

T 

CLr 
w n = 2 .4  - 2 

where w = n a t u r a l  frequency ( rad /sec)  n 
T = membrane t ens ion  ( lb )  

p = m a s s  per  u n i t  area (slugs/in ) 2 

so lv ing  f o r  T 

2 T = 6.82 p r 2  f n 

where f = n a t u r a l  frequency i n  cycles per  second. 

Thus, t h e  n a t u r a l  frequency can be ad jus ted  by vary ing  t h e  tens ion .  

n 

When t h e  diaphragm i s  exc i t ed  by a s i n o i d a l l y  varying 

fo rce  F = F s i n  w t ,  i t  w i l l  respond wi th  peak  d e f l e c t i o n s  g r e a t e r  than  

those  caused by an equiva len t  s t a t i c  fo rce  F . The r a t i o  of dynamic 

d e f l e c t i o n  a t  any frequency f o r  w t o  s t a t i c  d e f l e c t i o n  i s  g iven  by t h e  

r e l a t i o n  : 

0 

0 

1 - - ddynamic - - 1 
s t a t  Fc 1 - ( f l f  ) 2  1 - (w/wn)2 d 

n 

8 .5 .8  _Pressure Sensor 

One method of sens ing  a d i f f e r e n c e  i n  p re s su re  a t  each 

end of a duct i s  t o  use  a pivoted vane which d iv ides  t h e  duct  and is  
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f r e e  t o  r o t a t e  i n  the  d i r e c t i o n  of lower p re s su re .  A mi r ro r  could be 

a t tached  t o  the  vane t o  r e f l e c t  l i g h t  from a lamp onto  a pho toce l l .  

A s  t h e  vane d e f l e c t s  t h e  photoce l l  ou tput  would depa r t  from t h e  n u l l ,  

and t h i s  departure  would be used t o  d r i v e  servomechanism a m p l i f i e r s .  

Flexure pivots  should be used r a t h e r  than  bea r ings  i n  order  t o  minimize 

s t a t i c  f r i c t i o n .  The p ivo t s  and the  vane must be s t r u c t u r a l l y  r i g i d  

t o  withstand acce le ra t ions  due t o  g r a v i t y ,  v e h i c l e  a c c e l e r a t i o n  and 

v i b r a t i o n .  

An a l t e r n a t e  method of d e t e c t i n g  the  d i f f e r e n t i a l  

p ressure  is  a f l e x i b l e  diaphragm which d iv ides  t h e  duct  i n t o  two h a l f s .  

An o p t i c a l  o r  capac i tance  da t a  pickoff  could be used. 

possesses t h e  advantages of l e s s  mass and f a s t e r  t i m e  response,  and i t  

The diaphragm 

has s impler  s t r u c t u r a l  requirements 

not  f a i l  by buckling. Accordingly,  

a t i o n .  A l - inch  c i r c u l a r  diaphragm 

0.00025 inch thiclc was analyzed and 

cu la t ed  by the following equat ions : 

d e f l e c t i o n  = 

stress - - 

where p i s  the  pressure .  

than  t h e  s t i f f  vane s i n c e  i t  does 

a diaphragm w a s  s e l e c t e d  f o r  evalu- 

of polyethylene t e r e p h t h l a t e  (Mylar) 

t he  d e f l e c t i o n ,  d ,  and stress c a l -  

0.0525 

213 5320 p 

8.5 .9  Deflec t ion  Due t o  Wind 

The d e f l e c t i o n s  and s t r e s s e s  are t abu la t ed  below f o r  

t he  model diaphragmwhen t h e  sphere i s  exposed t o  a 1 degree change i n  

r e s u l t a n t  wind. 

ALTITUDE 
0 

30 
40 
47 
55 
68  
88 

100 

3780-Final 

DIFFERENTIAL 
PRESSURE 
(IL Ps i )  

820 
29 5 
149 

70 
13 .2  

3 . 9 5  
0 . 3 9 5  

13 6 

DIAPHRAGM 
DEFLECT I O N  

( inches)  

0.0049 
0 .0035 
0 .00276 
0 .00216 
0 . 0 0 1 2 4  
0 .00083 
0 .00039 

DIAPHRAGM 
STRESS 

(ps  i) 

4 6 . 0  
23 .5  
1 5 . 0  
9 . 1  
2.9 
1 . 3  
0 . 3  



8.5.10 Deflec t ion  Due t o  Sus ta ined  Accelera t ion  

The component normal t o  t h e  diaphragm of t h e  maximum 

sus t a ined  a c c e l e r a t i o n  which i s  expected t o  be encountered is 1.66 g. 

This  occurs about 49.6 km. Using t h e  equat ion developed i n  Sec t ion  

8.5.6, t he  equiva len t  d i f f e r e n t i a l  p ressure  produced by sus t a ined  

a c c e l e r a t i o n  i s  19.9~ p s i  on the model diaphragm, and t h e  r e s u l t i n g  

d e f l e c t i o n  is  0.0015 inches.  

8.5.11 Deflec t ion  Due t o  Vibra t ion  

The dynamic de f l ec t ion  due t o  v i b r a t i o n  i s  given by 

t he  formula i n  Sec t ion  8.5.7. Engineering judgement i s  used t o  set t h e  

dynamic-static displacement r a t i o  a t  about 1.04. This occurs  a t  a 

frequency of 0.2 f . The environment r equ i r e s  a n  upper frequency l i m i t  

of 2000 cps. Therefore  t h e  diaphragm n a t u r a l  frequency must b e  10,000 

cps.  This can be provided by ad jus t ing  the  diaphragm tens ion  t o  5.2 

l b / i n .  The maximum v i b r a t i o n  encountered is  5.0 g. I f  t h i s  w e r e  s t a t i c ,  

i t  would be equiva len t  t o  a pressure  of 6 2 . 5 ~  p s i ,  causing a d e f l e c t i o n  

of 0.00208 inches.  The d e f l e c t i o n  r a t i o  of 1.04 raises t h e  d e f l e c t i o n  

t o  0.00215 inches.  

n 
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9. VEHICLE AND ENVIRONMENT 

This  study was made f o r  l a r g e ,  l iqu id- fue led  launch veh ic l e s  i n  

genera l ,  r a the r  than f o r  any one i n  p a r t i c u l a r .  The Atlas-Centaur ,  

Saturn and Nova a r e  veh ic l e s  of t h i s  type. I n  order t o  e s t a b l i s h  the  

requirements imposed on t h e  measurement system by t h e  veh ic l e  i t  was 

necessary t o  e s t a b l i s h  a model t r a j e c t o r y  which i s  reasonably rep-  

r e s e n t a t i v e  of l a rge  launch veh ic l e s .  Typical  launch veh ic l e  config- 

ura t ion  and c h a r a c t e r i s t i c s  a r e  contained i n  t h i s  s e c t i o n  (F igs .  41 42). 

TABLE X 

BOUNDARY LAYER THICKNESS (INCHES) 

Saturn Missile S t a t i o n  

Third Stage C-5 3762 

3411 

3255 

2732 

2519 

F i r s t  Stage F-1-C 
365 

Mach 2.17 Mach 4.238 Mach 6.37 Mach 7.8 - 

1.9 2.94 5.2 6.6 

5 .O 8.75 14.6 17.8 

6.5 11 .o 18.7 23.9 

9.85 16.7 28.6 35.9 

11.6 20.0 34.2 43.3 

I 23.7 39.8 67.5 86 .O 

*Saturn V Boundary Layer Est imates  and Shock P a t t e r n s .  NASA-GMSFC 

Coordination Sheet No. AERO-H-192, May 22 ,  1963. 
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FIG. 41 LARGE LAUNCH VEHICLE CONFIGURATION 
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APPENDIX 

FILTERPHOTOMETRIC METHOD OF DENSITY DETERMINATION FOR THE CASE 

WHERE THE SUN I S  L(Iw ON THE HORIZON 

The method of determination of atmospheric dens i ty  discussed i n  

Sect ion 5.2 i s  based on the  assumption t h a t  the  sun is d i r e c t l y  over- 

head. Since l a rge  l iquid-fueled vehic les  usua l ly  a r e  launched s h o r t l y  

a f t e r  sunr i se  t o  avoid vehicle  warping due t o  d i f f e r e n t i a l  s o l a r  hea t -  

ing of the  f u e l  tanks,  the sun i s  near t he  horizon r a t h e r  than over- 

head. The absorpt ion,  then, takes place ho r i zon ta l ly  through concen- 

t r i c  spher ica l  segments of the atmosphere r a t h e r  than v e r t i c a l l y  

through elements which, f o r  a l l . p r a c t i c a 1  purposes, a r e  rec tangular  

para l le lep ipeds .  

Abel i n t e g r a l  approach fo r  the case of sphe r i ca l ly  symmetric shells 

of uniform dens i ty  i s  presented here .  

A method of determining r e l a t i v e  dens i ty  using the 

Sca t t e r ing  i s  neglected.  

From Beer's law the f r a c t i o n a l  decrease i n  i n t e n s i t y  of e l e c t r o -  

magnetic r ad ia t ion  per u n i t  p a t h  length is  a cons tan t .  This  constant  

i s  the  product of the  dens i ty  p(r)  of t he  absorbing spec ies  a t  a 

d i s tance  r from the  center  of symmetry and the  mass absorpt ion coef- 

f i c i e n t  b y  or  

0 
I f  the  unattenuated i n t e n s i t y  of the  monochromatic r a d i a t i o n  is  I 
and if the  i n t e n s i t y  detected a t  P of F ig .  A-1 by the rocket  a t  a 

d is tance  y from the  e a r t h ' s  center  i s  I ( y ) ,  then 
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This equat ion con ta ins  t h e  q u a n t i t y  I n  I ( y )  which one can  measu re  and 

p ( r )  which one wants t o  know. It i s  a n  i n t e g r a l  equa t ion  of t h e  Abel 

type and suggests  t h e  inve r s ion  (Ref. 1): 

(3) 

An example of how a numerical  i n t e g r a t i o n  of t h e  above equat ion  may 

b e  performed fo l lows  (Ref.  2 ) .  Other methods appear  i n  t h e  l i t e r a t u r e  

(Ref. 3 ) .  \ 

To der ive  p(r) from t h e  measured func t ion  I ( y )  i n t roduce  a new 

v a r i a b l e  Z def ined by 

z -  - p 7  
S u b s t i t u t i n g  Eq. 4 i n t o  Eq. 3 w e  obta in  

For t h e  numerical  i n t e g r a t i o n  one has  t o  d i f f e r e n t i a t e  t he  measured 

func t ion  I n  

f unc t ion : 

(y) and f o r  a c e r t a i n  r va lue  (i.e.r = rl) p l o t  t h e  

3 7 80 -Fina 1 
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a s  a funct ion of the  va r i ab le  2. The area under t h i s  curve from Z = 0 

t o  Z = 

r ad ius  rl.  

represents  the  r e l a t i v e  dens i ty  of the  atmospheric s h e l l  of 
The data  reduct ion procedure would be  a s  follows: 

1. P lo t  In  I (y)  from observed da ta .  A t y p i c a l  r e s u l t  i s  

sketched i n  Fig. A-2. 
1 d  

2.  P l o t  - - In  I ( y )  from s t e p  1. A t y p i c a l  r e s u l t  is  depicted 
Y dY 

i n  Fig.  A-3. 

I d  3. P lo t  - - In  I(y) versus Z fo r  r = r s e l e c t i n g  convenient Y dY 1' 

i n t e r v a l s  along Z a x i s  from the r e l a t i o n ,  

Subs t i t u t ing  the  vari'ous conveniently spaced values of Z w i l l  

g ive var ious values of y from the above r e l a t i o n .  

funct ion - - I n  I ( y )  can be read from Fig.  A-3 and p lo t t ed  as Fig. A-4. 

The value of the  
1 d  
Y dY 

Addit ional  discussions of the  use  of t h i s  method i n  o ther  f i e l d s  

a r e  contained i n  Refs. 4 through 8 .  

I 
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